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Abstract 
 
“One of the most basic and fundamental questions in urban master planning and 
building regulations is ‘how to secure common access to sun, light and fresh air?” 
(Stromann-Andersen & Sattrup, 2011).  
 
Daylighting and natural ventilation can have significant benefits in office buildings. Both of these 
‘passive’ strategies have been found to reduce artificial lighting and air-conditioning energy 
consumption by as much as 80% (Ministry for the Environment, 2008); (Brager, et al., 2007). Access 
to daylight and fresh air can also be credited with improved occupant comfort and health, which can 
lead to a reduction of employee absenteeism and an increase of productivity (Sustainability Victoria, 
2008).  
 
In the rebuild of Christchurch central city, following the earthquakes of 2010 and 2011, Cantabrians 
have expressed a desire for a low-rise, sustainable city, with open spaces and high performance 
buildings (Christchurch City Council, 2011). With over 80% of the central city being demolished, a 
unique opportunity to readdress urban form and create a city that provides all buildings with access 
to daylight and fresh air exists. 
 
But a major barrier to wide-spread adoption of passive buildings in New Zealand is their dependence 
on void space to deliver daylight and fresh air – void space which could otherwise be valuable built 
floor space. Currently, urban planning regulations in Christchurch prioritize density, allowing and 
even encouraging low performance compact buildings. 
 
Considering this issue of density, this thesis aimed to determine which urban form and building 
design changes would have the greatest effect on building performance in Central City Christchurch.  
 
The research proposed and parametrically tested modifications of the current compact urban form 
model, as well as passive building design elements. Proposed changes were assessed in three areas: 
energy consumption, indoor comfort and density. Three computer programs were used: EnergyPlus 
was the primary tool, simulating energy consumption and thermal comfort. Radiance/Daysim was 
used to provide robust daylighting calculations and analysis. UrbaWind enabled detailed 
consideration of the urban wind environment for reliable natural ventilation predictions. 
 
Results found that, through a porous urban form and utilization of daylight and fresh air via simple 
windows, energy consumption could be reduced as much as 50% in buildings. With automatic 
modulation of windows and lighting, thermal and visual comfort could be maintained naturally for 
the majority of the occupied year. Separation of buildings by as little as 2m enabled significant 
energy improvements while having only minimal impact on individual property and city densities.  
 
Findings indicated that with minor alterations to current urban planning laws, all buildings could 
have common access to daylight and fresh air, enabling them to operate naturally, increasing energy 
efficiency and resilience. 
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Definitions 
 
 
Christchurch Central City – The geographic area bound by- Deans, Bealey, Fitzgerald and 
Moorehouse Avenues (also known as the ‘Four Avenues’) - refer Figure 1.8. 
Urban Form – Physical manifestation of an urban environment created by buildings and voids 
between buildings.  
Building Form – Physical geometry/shape of an individual building. 
Plot Ratio – Buildings total floor area against land parcel area on which it is built. 
Time-step – the period of time between calculations in simulation programs – every 10 minutes in 
this study.  
Lighting Power Density – Measured in watts per square meter (W/m2), represents the concentration 
of artificial lighting power per surface area. 
Urban Form variables – the individual features of urban form that were tested in this study: 
‘building height’, ‘gap between buildings’, ‘street width’, ‘building width’ and ‘continuous frontage’.  
Gap between buildings – the separation distance in meters (m) between facades of two 
neighbouring buildings. 
Continuous frontage – refers to the number of levels that must be built to 100% of the property 
width. 
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Chapter 1: Introduction to the Study 
 
 
“One of the most basic and fundamental questions in urban master planning and 
building regulations is ‘how to secure common access to sun, light and fresh air?” 
(Stromann-Andersen & Sattrup, 2011).  
 
Right now, in Christchurch, a rare and unique opportunity exists to develop a world-leading, 
sustainable city. 
 
With the rebuild process still in early stages, Christchurch has a chance to redevelop its buildings to 
be high performance- energy efficient with high quality indoor environments. 
 
This thesis investigates whether providing all Central City buildings common access to daylight and 
fresh air enables high performance buildings; and determines the changes to urban form and 
building design that would be required to achieve it. 
 
 
 
1.1 Context, Motivation and Problem Statement 
In September 2010, and February 2011, Christchurch City was rocked by magnitude 7.1 and 6.3 
earthquakes, killing 185 people (New Zealand History Online, 2011) and causing 80% of the Central 
City to be demolished (OPUS, 2011). 
 
In response to the earthquakes, the Christchurch City Council (CCC) set-up the ‘Share an Idea’ 
scheme to gather the thoughts and desires of Cantabrian's in the development of a rebuild blue-
print. A strong theme identified through the scheme was a world-leading ‘green’ city with low-rise 
sustainable buildings - “Enforce eco-friendly and sustainable buildings to promote a clean green 
garden city with unique and innovative architecture.” (Christchurch City Council, 2011). 
 
These sentiments were reflected in the ‘draft Central City Plan’ (dCCP) prepared by the CCC as a 
blue-print for the rebuild. A central initiative of the dCCP was the 'Stronger Built Identity' directive 
which aims to create a unique and high performance city with emphasize on sustainable buildings as 
a feature of its character (Christchurch City Council, 2011).   
 
Sustainability of a building is often associated with tangible pieces such as photovoltaic panels on 
the roof, or high-tech LED lighting. Figure 1.1 illustrates that while energy efficiency and energy 
generation measures can contribute to overall sustainability of a building, they are more expensive 
to implement, yet less effective than early stage passive design efforts. 
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Figure 1.1.The significance of passive design in comparison to energy efficiency and generation measures. (Brown, 2010). 
 
Passive design enables a building to respond to local climate conditions and maintain occupant 
comfort with minimal reliance on energy intensive mechanical systems like artificial lighting and 
Heating Ventilation and Air Conditioning (HVAC) (BRANZ, n.d.). Passive strategies aim to deliver 
daylight, fresh air and thermal comfort to internal spaces, naturally, minimizing energy consumption, 
thus reducing utility expenses and emissions. Additional benefits associated with passive 
architecture are improved occupant health and comfort, which can enhance employee satisfaction 
and productivity (Ministry for the Environment, 2008); and even greater marketability due to public 
perception of ‘social responsibility’ (The Dominion Post, 2012). 
Passive design is the first aspect necessary in the creation of an energy efficient building as it defines 
the 'base-building'. It involves the initial design decisions made in the project – site selection, 
orientation, building form and fabric, etc. Figure 1.2 illustrates how, in comparison to energy 
efficient systems (Middle Ground) and energy generation systems (Active Elements), passive design 
strategies have the greatest impact on environmental benefits, while costing less to implement. 
Every project begins with a design process. Passive design is inexpensive because it is simply a more 
thorough execution of the already existing design process. 
Passive strategies’ can address the two major energy end-use areas of an office building – ‘Cooling’ 
and ‘Lighting’. Demand on mechanical Cooling due to heat generated by high occupant and 
equipment densities and solar gains typically accounts for around 1/3rd of total energy consumption. 
Artificial lighting also typically accounts for 1/3 of total energy (Ministry for the Environment, 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Typical energy end-use breakdown for a New Zealand office building. (Ministry for the Environment, 2008).  
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Energy consumed through both of these systems can be reduced with two common passive 
strategies - natural ventilation and daylighting.  
Natural ventilation replaces over-heated or ‘old’ air by using wind to force fresh air into building 
spaces through openings in the thermal envelope. When combined with a supplementary HVAC 
system (known as ‘mixed-mode’ or ‘hybrid’ ventilation) natural ventilation has been found to reduce 
Cooling loads by up to 79% (Brager, et al., 2007).  
Using the sky as the light source, daylighting aims to deliver target illuminance levels with minimal 
assistance from artificial lights. When used in conjunction with automatic dimming and illuminance 
sensors, daylighting can reduce artificial Lighting loads by up to 80% (Ministry for the Environment, 
2008). Both of these strategies can be applied to a building through standard vertical windows, on 
the external walls (refer Figure 1.3).  
 
 
Figure 1.3. Depiction of the study’s focus passive strategies – daylighting and natural ventilation  
Adapted from (The Scottish Government, 2007). 
 
 
The effectiveness of passive strategies depends on the ‘microclimate’ created by the urban form 
surrounding that building. Wind-driven cross ventilation is dependent on wind pressures acting on 
the building’s facades to force air through an internal space. High density urban environments can 
interrupt wind-flow, diminishing pressures and the potential for ventilation. Similarly, if buildings are 
in close proximity, shading will impact on daylighting.  
 
A previous study conducted by the author (refer Section 1.3.3) concluded that a porous urban form 
enabled more building surface area, and therefore more internal spaces,  to have access to daylight 
and fresh air. This concept is portrayed in Figure 1.4 where rules of thumb are used to demonstrate 
daylight and natural ventilation penetration into a space with access to daylight and fresh air on 
both sides. Figure 1.5 then illustrates how a non-porous, or compact urban fabric (buildings sharing 
party walls) only provides exposure to sunlight and wind on the street facing wall of the building.  
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Figure 1.4. Diagram illustrating improved effectiveness of passive strategies when applied along the two sides of a building. 
(Author). 
 
 
 
Figure 1.5. Diagram illustrating the ineffectiveness of daylighting and natural ventilation with only a single delivery point. 
(Author). 
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The compact urban form seen in Figure 1.5 above is reminiscent of Christchurch's urban form prior 
to the earthquake. Figure 1.6 shows how buildings were 'butted' up against each other, offering no 
opportunity for daylighting and natural ventilation along either side of the building. 
 
 
Figure 1.6. Aerial view of a typical compact urban form central city block in pre-earthquake Christchurch.  
Adapted from (New Zealand Planning Institute, 2013). 
 
 
There are two primary barriers to a porous urban form in Christchurch: 
1) Effect on built floor area. Net Lettable Area (NLA) is a highly valuable commodity, especially 
in central city markets where land costs and lease rates are high. In 2013, office space leased 
for between $250-$420/m2/year in Christchurch’s CBD (Bayleys Realty Group, 2013). By 
contrast, typical energy consumption could be calculated at anywhere between 
$17.60/m2/year and $53/m2/year based on an average electricity cost of 17.63c/kWh 
(Ministry of Business Innovation and Employment, 2014) and Energy Use Intensities (EUIs) of 
100 and 300 kWh/m2/year, respectively (Bishop & Isaacs, 2012). Considering this, the 
concept of ‘sacrificing’ valuable floor area to void space may be difficult to accept for some 
building investors. 
 
2) Continuous frontage. ‘Section 3.3.2.2.1: Building Set-back and Continuity’ of the 
Christchurch City Plan online (CCPo) requires that the Ground and first floors of all buildings 
in the CCB are built to 100% of the property width (Christchurch City Council, 2013). This 
‘continuous frontage’ concept is a common urban planning regulation which is intended to 
create a well-defined street edge and distinct central city character. 
 
Here lies the problem this research addresses: 
Current urban planning laws prioritize built floor area over access to daylight 
and fresh air, and therefore impede high-performance buildings in Central City 
Christchurch. 
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1.2 Research Aim and Question 
The study adopts the view that to improve building performance, porosity needs to be increased but 
acknowledges the need to limit the loss of built floor area for commercial plausibility. In other 
words, the increase of porosity needs to be sufficient to provide enough access to daylight and wind 
but limited as much as possible. A range of changes can be made to a building to alter built volume, 
such as reducing width, height or depth. However, it is not known which type and to what extent of 
change is most effective. 
 
Therefore, the aim of this research is: 
 
To determine which changes to urban form and building design would have the 
greatest effect on building performance, but smallest impact on density in 
Central City Christchurch. 
 
 
 
Further- how much impact do these changes have on building performance? The question this 
research asks is: 
 
Compared to conventional urban form and building design, how far can the use of 
daylighting and natural ventilation through porous urban form and passive design 
improve energy efficiency in CCB buildings? 
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1.3 Significance of the Research 
This research is designed to contribute directly to the Christchurch rebuild. It aims to provide 
valuable urban form and passive building design information that can be immediately implemented 
in Christchurch.  
 
 
1.3.1 Urban Form Findings and the City 
The city-scale, urban form investigation of this research is one that can rarely be explored with the 
possibility of implementation. The porous urban form proposed to facilitate passive buildings would 
not be plausible in normal circumstances where a city’s urban fabric is already established. But in the 
context of the current rebuild process in Christchurch, a new urban form model can be developed 
and applied to all new buildings being built. Now is when the results from this study will have most 
impact.  
It is intended that the research’s findings inform local planners of the potential (or lack thereof) for 
an alternative, porous, high-performance urban form to provide daylight and fresh air to ALL 
buildings, and the changes that would be required to realize that potential. Greatest effect will be 
realized if findings are applied as mandatory regulations at the city-scale. 
 
 
1.3.2 Building Design Findings and Individual Buildings 
Findings can also be used by private property owners/developers to guide the design of their own 
buildings.  Sustainable architecture is a growing trend and many investors want to capitalize on the 
associated benefits. However, minimal information is available regarding passive office buildings, 
which is a major reason why they have not been embraced in New Zealand. This research aims to 
contribute to the knowledge base in this area, particularly in terms of energy savings potential and 
design requirements, so that building investors can make informed decisions on sustainable building 
development. The passive design methods and systems investigated in this research are relatively 
simple techniques. This means that results are more feasible than high-tech, complex systems which 
are less likely to be understood or afforded. 
 
 
1.3.3 Christchurch Urban Form and Energy Pilot Study 
This research continues from the pilot study ‘BEES Interim Report: Christchurch Urban Form and 
Energy’, which investigated the effect of urban form features (lanes, courtyards and façade step-
backs - proposed by the CCC) on building performance. It found that office building energy efficiency 
could be improved by almost 50% through a porous urban form and naturally ventilation and 
daylighting (refer Figure 1.7) (Creswell-Wells, 2012). This was an exciting finding, which 
demonstrated a potential for significant benefits, and was met with great interest in the 
Christchurch building design and policy communities. 
 
However, the study was based on substantial assumptions (such as the effectiveness of natural 
ventilation in reducing cooling loads), and unrealistic urban form scenarios (buildings assumed to be 
monolithic, covering a full block). The current study looks to investigate similar issues but at far 
greater detail, with considerably more robust methods. It is intended that this research is rigorous 
and can be considered for implementation in the rebuild. 
 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
8 
Tavis Creswell-Wells, 2014 
 
Figure 1.7. Pilot study results – ‘Energy Consumption for each Urban Form Scenario’. (Creswell-Wells, 2012).  
 
 
1.3.4 Timeliness 
At the time of writing this thesis, most of the 1,000 CBD buildings that required demolition had been 
demolished (The Treasury, 2013) and around 200 private-sector building projects were being 
designed or constructed in the Central City (New Zealand Government, 2014). Evidently, there is a 
considerable amount of rebuilding yet to be done. Now, before the central city’s physical fabric is 
reinstated, is the ideal time to address urban design and planning issues and to ask some afflictive 
questions: Was the old urban planning model working? What aspects could be improved in terms of 
pursuing high performance buildings? And, critically- does the urban planning model Christchurch 
intends to rebuild its city on, enable them to realize the world-leading green city they aspire to? 
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1.4 Scope and Areas of Focus 
1.4.1 Office Buildings 
 
“The reasons for studying office buildings are that they perhaps are the most 
important building type of the 20th century. Just as factories were the symbols of 
the industrialisation at the start of the 19th century, office buildings are 
emblematic of the current post-industrial era. Office buildings are all around us. 
They dominate the contemporary city, they accommodate more than half of the 
working population in the western world and they represent a large share of the 
building stock’s total use of energy.” (Kleiven, 2003). 
 
 
1.4.2 Central City Business zone (CCB) 
Christchurch Central City consists of five zone categories (refer Figure 1.8). The Central City Business 
zone (CCB - blue area) is selected as the geographical focus of the study as it is the core business 
district, comprising the city’s largest concentration of commercial infrastructure and, most 
importantly, office buildings. The CCB also represents the highest building and population densities 
in Christchurch (Christchurch City Council, 2000), maximizing significance and applicability of the 
study’s findings. 
 
 
Figure 1.8. Christchurch City Plan Map 39D identifying the (blue) Central City Business zone (CCB). 
Adapted from (Christchurch City Council, 2013). 
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1.4.3 Passive and ‘Mixed-mode’ Indoor Environments 
In this thesis, the term ‘passive’ implies ‘mixed-mode’. Indoor environments of office buildings are 
demanding in terms of comfort. Instances where there is no wind and therefore no natural 
ventilation; or dark winter evenings and therefore no daylighting, are inevitable and mechanical 
systems (i.e. HVAC, artificial lighting) must be present to maintain comfort at these times. This is a 
mixed-mode system. The term ‘passive’ is used in this study to emphasize passive strategies as the 
primary means of delivering a comfortable environment. Mechanical systems are supplementary. 
 
 
1.4.4 Performance Areas – Energy, Comfort and Density; Not Cost 
This research proposes changes to urban form and building design. Successfulness of changes is 
assessed primarily on energy efficiency with consideration of indoor environments and density. 
Table 1.1 presents the performance areas investigated. The focus of the study is on environmental 
and energy performance; NOT financial cost. 
 
 
Table 1.1. Performance Areas assessed. 
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1.5 Chapter Overview 
 
Chapter 1: Introduction 
Chapter 1 introduces the thesis topic and the motivations that instigated the research. It presents 
the aim and question to be answered.  
 
 
Chapter 2: Background 
Chapter 2 outlines the context and factors behind this research, such as Christchurch’s situation and 
goals; passive design as a method of obtaining goals; urban forms influence; and planning priorities 
and laws in Central City Christchurch 
 
 
Chapter 3: Methodology 
Chapter 3 outlines the underpinning methodological approaches taken to conduct the research, and 
explains the measures taken to ensure the research and its findings are valid and reliable. 
 
 
Chapter 4: Metrics, Tools and Methods 
Chapter 4 determines which metrics enable the most telling results; which tools enable required 
data to be generated or analysed; and how these tools and metrics fit together in a functional 
method. It also comprehensively explains daylighting and natural ventilation operation and 
assessment. 
 
 
Chapter 5: Parametric Investigation of Urban Form 
Chapter 5 establishes the parametric investigation including the underpinning land situation and the 
parameters and variations of those parameters tested. It presents the Urban Form Models tested in 
this study. 
 
 
Chapter 6: Parametric Investigation of Building Design 
Chapter 6 is similar to Chapter 5 but with focus on building design aspects. 
 
 
Chapter 7: Results and Discussion 
Chapter 7 presents and discusses results from the Urban Form and Building Design parametric 
investigations in terms of energy, density, and indoor environmental performance.  
 
 
Chapter 8: Conclusions 
Chapter 8 summarizes the study highlighting the findings that have been produced and determining 
whether the research aim and question have been met. 
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Chapter 2: Background – Urban Form, Passive Design and 
Christchurch  
 
Chapter 2 outlines the background context that formed the foundation of this research. Section 2.1 
establishes the post-earthquake situation in Christchurch and its vision of becoming a world-leading, 
sustainable city. Section 2.2 explains passive design with particular focus on the specific passive 
strategies targeted in the study. Section 2.3 illustrates the influence urban form has on a building’s 
passive performance and density. Section 2.4 discusses the state of current planning laws in 
Christchurch and how they prioritize density, rather than sustainability - bringing us back to the 
research problem and aim presented in Chapter 1. 
 
 
2.1 In the Wake of the Christchurch Earthquakes  
 
2.1.1 Damage Done 
In September 2010 and again in February 2011, earthquakes of magnitude 7.1 and 6.3 respectively, 
struck New Zealand’s second largest city, Christchurch, killing 185 people (New Zealand History 
Online, 2011). These earthquakes resulted in over 80% of the central city requiring demolition 
(OPUS, 2011). Estimates indicate the cost to rebuild the central city would total over $40 billion (The 
Treasury, 2013). It is expected to take around 20 years to rebuild the central city completely 
(Christchurch City Council, 2011).  
At the time of writing, most of the 1,000 CBD buildings that required demolition had been 
demolished (The Treasury, 2013) and around 200 new building projects (commercial and residential) 
were underway in the Central City (New Zealand Government, 2014). This is the 'clean-slate' that 
enables urban form to be revisited. 
 
 
2.1.2 Christchurch’s Goals for the Rebuilt City 
Through the ‘Share an Idea’ scheme undertaken by the CCC at the beginning of the rebuild process, 
it became clear that the people of Canterbury wanted the rebuilt Christchurch to be a world leading 
‘green’ city - “Aim high. Develop a world-class, sustainable, modern green city… Establish a 
benchmark.” Five key initiatives were developed to ensure the rebuilt city is vibrant and prosperous: 
'Green City'; 'Accessible City'; 'Compact City'; 'Live, Work, Play'; and, 'Stronger Built Identity' 
(Christchurch City Council, 2011). The 'Stronger Built Identity' initiative is of particular interest in this 
thesis as it aims to facilitate- 
“A low-rise city with safe, sustainable buildings that look good and function well, 
supported by urban design controls, new regulation and incentives...”  
 
The ‘urban design controls and regulations’ aspects of this initiative are relevant to the desired 
outcomes of this research. If passive buildings are to be realized on a city-wide scale, urban planning 
directives must mandate an urban form which facilitates them. Issues of a ‘Stronger Built Identity’ 
are discussed in Section 2.6. 
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2.2 Passive Design Strategies 
Section 1.1 established why passive design is targeted in this thesis. This section outlines the 
benefits of the two specific passive strategies - daylighting and natural ventilation - and explains how 
they work and how they will be implemented in the research. 
 
 
2.2.1 Daylight and Daylighting Benefits 
An important point to establish is the difference between ‘daylighting’- the means used to deliver 
daylight to a space, and ‘daylight’- the resulting light delivered – each having different associated 
benefits. This research looks at both daylighting design strategies; and daylight performance.  
 
Artificial lighting and resulting requirement for cooling, contributes an estimated 30-40% of a 
commercial building’s energy use. The most prominent benefit of daylighting is that it can reduce 
these artificial lighting loads by 40-80% in office buildings (Ministry for the Environment, 2008). 
 
Exposure to daylight can improve people’s health and well-being. Benefits include regulation of 
melatonin which can cause sleepiness, fatigue and increased levels of stress hormones; and increase 
visual stimulation which can increase metabolism and even improve energy levels (Stewart, 2008).  
 
A well-documented explanation for these benefits is the relationship between daylight and human 
circadian cycles which determine daily eating and sleeping patterns. This cycle is modulated by 
external cues like daylight, and can be modified by interruptions to those cues. The constant nature 
of artificial lighting disturbs circadian rhythms’, while the presence of daylight helps to maintain 
them (Czeisler, et al., 1980).  
 
Similarly significant to the benefits of daylight, are those associated with daylight-ing. A number of 
studies (Hunter, et al., 2003) have found that a view is just as important as daylight, or possibly even 
more important (Collins, 1976). The value of a view comes back to the basic human desire for a 
connection with the outside world - simply having the option of a view and daylight will improve a 
person’s perception of a space and its lighting (Sullivan, 2013). 
 
Existing research establishes a strong consensus that people prefer day-lit spaces over artificially lit 
spaces. Farley and Veitch (2001) found that 65-95% of people prefer to complete typical office tasks 
under daylight. Peter Boyce states in his book ‘Human Factors in Lighting’ that people’s desire for 
daylight is evident across three distinct sources: advertising (good electric luminaires are “like 
daylight”); behaviour observation (those in executive positions are given offices with 
windows/views); and, finance (rent charged for day-lit offices is more than for non-day-lit offices) 
(Boyce, 2003).  
 
 
2.2.2 Daylighting Strategies – Side-lighting 
Many daylighting strategies exist that can deliver daylight to a space but in consideration of the 
points made in the previous section, there is only one strategy that provides both daylight and views 
- ‘side-lighting’. 
Side-lighting, the most common means of daylighting in office buildings (Advanced Lighting 
Guidelines, 2010), introduces daylight to an indoor space through vertical windows in perimeter 
walls of a building (refer Figure 2.1). It has the advantage of being applicable to all levels of a 
building, whereas top-lighting methods (e.g. skylights) can only be applied to the top level. A view is 
also possible when windows are placed around mid-height of a wall.  
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A significant limitation of daylighting is the distance it can infiltrate a space. Penetration distance can 
be loosely calculated using a rule of thumb. Depending on the source, the rule of thumb can vary 
from 1.5 to 2.5 times the window height (Reinhart & LoVerso, 2010) but, on average, can be 
expected to reach around 2x the height of the window it enters through (refer Figure 2.1).  
 
 
Figure 2.1. Diagram depicting the side-lighting penetration rule-of-thumb.  Adapted from (2030 Palette, 2013). 
 
 
Other factors such as the size of windows, known as ‘Window to Wall ratio’ (WWR) influence 
daylight levels and penetration. Adding devices like light-shelves can increase penetration into the 
space (up to 2.5x window height). Conversely, shading systems like louvers or fins, which are used to 
control over-exposure, can reduce penetration. Glazing properties such as Visible Light 
Transmittance (VLT or Tvis) and Solar Heat Gain Coefficient (SHGC) are also particularly influential. 
Due to their effect on daylight penetration and on thermal performance of a building, WWR, shading 
systems and glazing properties are critical components of passive design, and are investigated in 
detail in Chapter 6. 
 
The assumption that daylight will illuminate a space up to 2x the height of the window (along with 
the natural ventilation rule of thumb, refer Section 2.2.4) will be used as a starting point in the 
development of scenarios tested in this research (refer Chapter 5).  
 
The environment surrounding the building is the other significant factor affecting daylight (discussed 
in Section 2.3). 
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2.2.3 Natural Ventilation Benefits 
 
“Ventilation of occupied spaces in buildings has two primary purposes. One 
purpose is to provide an acceptable indoor air quality (IAQ), which essentially is 
based on the supply of fresh air and the removal or dilution of indoor pollution 
concentration. The other is to provide thermal comfort by providing a heat 
transport mechanism.” (Kleiven, 2003). 
 
Through the 20th century, office buildings typically employed mechanical HVAC systems to deliver 
conditioned air to spaces. Mechanical HVAC systems were popular as they enabled incoming air to 
be treated (heated or cooled) as required providing control of indoor environments (Kleiven, 2003).  
 
The alternative to mechanical ventilation is natural ventilation. Natural ventilation relies on wind or 
buoyancy (or both) as driving forces. By allowing air to be forced through openings in the building 
envelope (wind driven), or sucked through vertically (buoyancy/ stack effect), a buildings spaces can 
be ventilated, without energy intensive HVAC systems.  
Natural ventilation also acts as a heat transport mechanism enabling natural cooling of spaces. In 
offices, air tends to overheat due to heat generated by electrical equipment and human bodies. 
Replacing this warm indoor air with cooler outdoor air helps to regulate temperatures, reducing the 
dependence on mechanical cooling systems. Volume and temperature of air moving through a space 
is critical to natural ventilations success. For this reason, environmental performance aspects - ‘air 
speed’, temperature’ and ‘air change rates’ are addressed in Section 4.3. 
 
Advantages of natural ventilation over mechanical ventilation include: 
- Less likelihood of Sick Building Syndrome (Kleiven, 2003). 
- Air-conditioned buildings have been found to have higher prevalence of ‘work-related 
headache’, lethargy and respiratory symptoms (Mendell & Smith, 1990). 
- Less noise from fans. 
- Natural ventilation systems have the same service life as the building; whereas HVAC 
systems typically require earlier replacement (Kleiven, 2003). 
- Little equipment and associated space required. 
- Installation costs - up to 30% of the construction budget (Ministry for the Environment, 
2008). 
- Operation costs. 
 
The ‘Summary Report: Control Strategies for Mixed-mode Buildings’ found that natural ventilation 
can produce air conditioning savings of up to 79%, depending on climate and HVAC 
system/operation (Brager, et al., 2007). 
 
A significant barrier to natural ventilation is the perceived lack of control over indoor environment. 
However, modern technology developments such as Building Management Systems (BMS) and 
automated windows regulate ventilation based on human comfort factors (Kleiven, 2003). For 
example, natural ventilation would be allowed if outdoor temperatures are slightly cooler than 
indoor temperatures. But if outdoor temperatures become too cold (or hot), the BMS will close 
windows and engage the HVAC system to maintain comfort until conditions become suitable for 
natural ventilation once more. This is the 'mixed-mode' ventilation concept that is adopted in this 
research (refer Section 1.4.3). These benefits and improvements have contributed to a ‘comeback’ 
of natural ventilation since the 1990’s (Kleiven, 2003). 
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2.2.4 Natural Ventilation Strategies – Cross Ventilation 
Natural ventilation strategies can be described using the framework set-out in Figure 2.2. 
 
 
Figure 2.2. Natural ventilation strategy framework. Adapted from (Kleiven, 2003). 
 
In order to align the natural ventilation strategy with the daylighting strategy established in Section 
2.2.4, wind driven cross ventilation through vertical windows is selected. Cross ventilation can be 
applied to all levels of a building through the same windows used to deliver daylight. It requires two 
sides of the space to be on external walls of the building. The exchange of air between inside and 
outside is propagated by the pressure at the two venting windows (refer Section 4.3.2.2).  
As with daylight, cross ventilation only penetrates so far into a space. According to CIBSE (1999) the 
double sided rule of thumb is 5x the ceiling height (refer Figure 2.3). 
 
 
 
 
Figure 2.3. Diagram describing the rule-of-thumb for maximum floor-plate width for cross ventilation. (CIBSE, 1999). 
 
 
Importantly, the effectiveness of cross ventilation is influenced by the layout of a space. Flows across 
a space will not be possible if there are full height partitions perpendicular to the flow direction, 
open-plan spaces are therefore the most effective (refer Figure 2.4).  
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Figure 2.4. The effect of space configuration on cross ventilation. Adapted from (Autodesk, 2011). 
 
Other factors that influence effectiveness of cross ventilation include ‘openable window area’, 
‘extent of openness’ and positioning of windows. These are all investigated in depth in Section 
4.3.2.1. 
 
As with daylight, the natural ventilation rule of thumb will be used as a starting point for the design 
of scenarios tested in this research. 
 
Urban form also has a significant impact on cross ventilation because it drastically modifies wind 
flows and pressures acting around/on the building (which propagate the cross ventilation). The 
following section establishes the importance of urban form in the design of cross ventilation and 
daylighting systems. 
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2.3 Urban Form for Passive Buildings  
Urban environments, such as cities, have a substantial effect on the natural environment in and 
around them. The physical form of a city creates a ‘microclimate’ which comprises aspects of 
temperature, humidity, rain, wind, fog, insolation and general air quality (Santamouris, 2006).  
Following is an explanation of how a microclimate is influenced by built form and the resulting effect 
on natural ventilation and daylight. 
 
 
2.3.1 Definition of Urban Form 
This study adopts the simple but clear ‘Towards Building Better Cities’ definition of Urban Form as - 
“the physical structure of the built environment in urban areas” (Roberti & Helm, 2011). 
 
 
2.3.2 Urban Forms Effect on Natural Ventilation 
Cross ventilation is dependent on wind pressure on the buildings facades/windows. Figure 2.5 shows 
how wind pressures are reduced where there are interruptions to the flow - larger buildings and 
denser environments have a greater effect - “The airflow in street canyons has much lower values as 
compared with the undisturbed wind. Lower wind velocity means reduced wind pressure on the 
building façade and less effective cross ventilation.”  (Ghiaus, et al., 2006). 
 
 
Figure 2.5. CFD analysis of wind flow and pressures around an urban environment. (Ghiaus, et al., 2006). 
 
Studies have found that even low-density urban environments can reduce wind pressures acting on 
a building by over 80% (Change & Meroney, 2003). However, few studies quantify the effect of 
urban form density on natural ventilation performance in terms of energy savings and fresh air 
volume turn-over. This effect is the focus of this thesis research. 
 
 
2.3.3 Urban Forms Effect on Daylight 
A significant concept in urban design for solar access is the relationship between building height and 
street width, known as ‘aspect ratio’.  
 
𝐴𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 (𝑚)
𝑠𝑡𝑟𝑒𝑒𝑡 𝑤𝑖𝑑𝑡ℎ (𝑚)
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Generally, the higher the aspect ratio, the greater the urban form’s impact on microclimate, and the 
lower the potential for daylighting. Many studies have investigated the impact aspect ratio has on 
daylighting and energy in buildings. Stromann-Andersen and Sattrup (2011) tested the performance 
of office buildings in aspect ratio scenarios of 0 – 3.0 (building three times higher than street width). 
Figure 2.6 demonstrates how the highest density aspect ratio 3.0 scenario (far right) severely limited 
the amount of solar radiation entering the canyon, when compared to the lowest density aspect 
ratio 0.5 scenario (far left).  
 
 
Figure 2.6. Radiance calculation showing annual illuminance in street canyon as a result of  different urban densities. 
(Stromann-Andersen & Sattrup, 2011). 
 
 
Figure 2.7 then illustrates that this difference in access to daylight can cause a building in a dense 
urban environment to require up to 30.2% more energy than an isolated building. 
 
 
Figure 2.7. Increase (%) in energy consumption for an office building in different W/H scenarios, compared to a free horizon. 
(Stromann-Andersen & Sattrup, 2011). 
 
 
Evidently, the relationship between built form and void space has a significant influence on 
microclimate and passive potential of buildings. The following quote from the book ‘Great Streets’ 
by Allan Jacobs forms the basis from which the main urban form questions in this thesis were 
formed: 
 
 “Is there some point, some proportions or absolute height, at which the buildings 
are so high in relation to street that the building wall becomes oppressive? It may 
be that the upper limit is more appropriately determined by the impact of height 
on comfort and liveability of the street, as measured by sunlight, temperature and 
wind, than by absolute or proportional height.” (Santamouris, 2006). 
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In other words- where is the tipping point? At what aspect ratio does passive performance 
deteriorate? This research intends to identify maximum building height to ‘separation’ ratios in 
Christchurch by the impact on daylight in building spaces. Variations of building height and street 
width that will be tested are discussed and determined in Section 5.2.  
 
 
2.3.4 Porosity of the Urban Form and its Effect on Density 
If void space between buildings is fundamental to daylighting and natural ventilation, why is it only 
provided in the form of streets? Only the building façade facing the street can gain any benefit from 
its microclimate in this scenario. Passive performance could be improved by increasing porosity of 
the urban fabric, for example by adding secondary urban canyons between each building. 
 
As was identified in Section 1.1, the barrier to increased porosity is the reduction of density, which is 
an issue at two levels- city scale; and the individual building scale. 
 
2.3.4.1 The Effect of Increasing Porosity on City Scale Density 
The problem with increasing porosity at the city scale is whether enough built floor space remains 
for the City Centre to remain the economic hub of the region. To help determine how much space 
will be needed in the rebuilt City Centre, the ‘CERA Christchurch Central City Commercial Property 
Market Study’ report was produced to determine likely supply and demand of commercial building 
space. It found that only 266,000m2 of space is likely to be needed in the rebuilt city (compared to 
446,000m2 before the earthquakes) (Ernst & Young, 2012). Another similar report, ‘The Impacts of 
the Canterbury Earthquake on the Commercial Office Market’, found that only 180,000m2 of space is 
likely to be needed (CBRE and Lincoln University, 2012). The ‘Architecture NZ’ article ‘The Emergence 
of Christchurch’ has depicted this latter information in terms of built city blocks. Figure 2.8 shows 
that at 3 storeys only 5 CCB blocks would be required, and only 2.5 at 6 storeys (Webby & Hoare, 
2012).  
 
 
Figure 2.8. Diagram illustrating projected demand for floor area at varying levels of density (building heights).  
 (Webby & Hoare, 2012). 
 
While this may suggest increasing porosity is not of serious concern at the city scale, proposed urban 
form scenarios need to prove they can provide ample room for buildings and growth. For this 
reason, all urban form scenarios will be tested to ensure they provide the 266,000m2 of floor space 
projected by CERA (this being the more demanding of the two predictions). 
 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
22 
Tavis Creswell-Wells, 2014 
2.3.4.2 The Effect of Increasing Porosity on Individual Buildings 
A building’s value is heavily dependent on its size- the more Net Leasable floor area (NLA), the more 
it is worth – so it is more economically advantageous to have large buildings. This is a primary reason 
for deep-plan and tall buildings, which aim to maximize plot ratio (floor area / land parcel area) and 
return on investment for developers and owners. Essentially, this means building to the property 
plot’s boundaries. In a confined urban environment, where plots are often small and rates are high, 
it is almost inevitable plot ratios will be maximized. 
As identified in Section 1.1, office floor area in Christchurch CCB is expected to lease for between 
$250-420/m2/year (Bayleys Realty Group, 2013), whereas energy costs are between $17.60/m2/year 
and $53/m2/year. 
Clearly, the cost of floor area outweighs energy expenses and so increasing porosity by converting 
profitable NLA to void space is not likely to be readily adopted by building developers and owners.  
 
This reality is reflected in the following quote from architecture Professor Ralph Knowles: 
 
So far, there has been little incentive for developers to worry about the long-term 
energy costs of keeping our buildings comfortable and repaired. Pressures are so 
enormous to build fast and move on quickly to the next project that construction 
techniques emphasize rapid assembly over the effects of long-term wear and tear. 
Developers do not pay the bills for heating, cooling and lighting over time and 
seasons. Consequently they have demanded that architects specify energy-
intensive systems rather than make the effort to design with nature. In the 
simplest ungrammatical terms, we “grow cheap” and “maintain expensive”. 
(Knowles, 2003). 
 
Developers and owners/owner-occupiers are the drivers and designers of buildings. But their 
priorities typically revolve around profit, achieved in part through maximization of NLA. It cannot be 
expected or assumed that developers or owners will create a building that is of more than just 
financial benefit.  
 
If Christchurch is to realize the sustainable, green city it envisages, its urban development priorities 
need to be readdressed. A balance needs to be found between NLA and environmental 
performance. This endeavour can only be reliably achieved through policy; and this will only be 
realised if the business case of sustainable buildings is plausible. 
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2.4 Changing Times – Green Buildings for Commercial Advantage  
A survey by ACA Research and Colliers International found that sustainable buildings had become 
more important to New Zealand companies, with 40% of respondents identifying ‘Social 
Responsibility’ as a key factor (up from 28% in 2010). Other factors associated to the improved 
perception of sustainable buildings included: 
- Operational cost savings 
- Indoor Air Quality (IAQ) and daylight 
- Improved staff acquisition and retention 
- Productivity increases (The Dominion Post, 2012). 
 
‘Productivity’ refers to output as a function of effort (Stang, et al., 2001) – i.e. the amount of work 
done by an employee vs the time taken to do so. Studies such as the post-occupancy evaluation of 
the retrofitted 500 Collins Street building in Melbourne have revealed a reduction in occurrences of 
issues like headaches (-7%), cold and flu (-21%), fatigue (-26%) and poor concentration (-20%). The 
value of this manifests in benefits such as reduction of average sick-leave costs (-44%); and increases 
of productivity of up to 12% (Sustainability Victoria, 2008). Similar levels of productivity 
improvement have been associated with other sustainable building developments. The ‘Melbourne 
Council House 2’ building (6 Green Star rated) realized a 10.9% productivity increase, which is 
estimated to save $2 million a year; and the Meridian building (5 Green Star) in Wellington which is 
perceived by its occupants to boost their productivity by 9% compared to their previous building 
(NZGBC, 2013). 
 
These commercial benefits are beginning to be reflected in the increasing demand for sustainable 
buildings. The ‘CERA Christchurch Central City Commercial Property Market Study’ report outlines 
the projected supply and demand for commercial property, and the attractiveness of commercial 
property to investors and developers. The study identified that, as at 2010, the highest grade of 
office building, A+ (equivalent to 5 Green Star rating or higher), experienced the lowest tenancy 
vacancy rates at only 4%, while Grades A and B came in at second and third respectively (refer Figure 
2.9). This illustrates the demand for high quality, sustainable buildings. Furthermore, the remaining 
stock of Grade C and below, is not expected to be financially viable following the rebuild (Ernst & 
Young, 2012). 
 
 
Figure 2.9. Vacancy rates by Quality grade. (Ernst & Young, 2012). 
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2.5 The Business Case for Sustainable Buildings  
Sustainable buildings have been adopted for some years in Europe, North America and Australia but 
New Zealand is still in its relative infancy. There does however appear to be considerable interest in 
sustainable buildings in N.Z.  The ‘Investor Perception of the Business Case for Sustainable Office 
Buildings: Evidence from New Zealand’ report surveyed developers, owners and occupiers about 
their perceptions and activity regarding sustainable buildings. It found that the majority of investors 
perceived sustainable buildings positively (Figure 2.10. left); and saw them as ‘very important’ or 
‘increasingly important’ investments (right) (Myers, et al., 2008).  
 
 
Figure 2.10. Investor perception of sustainable building (left); and Importance for Portfolios (right). (Myers, et al., 2008). 
 
Despite this interest, and environmental, energy and health benefits presented in this Chapter, there 
still remains hesitation and scepticism in the market from investors. Much of the hesitation is due to 
uncertainty of the market and its direction. The report noted that investors tended to ‘hold-back’ 
and let other players lead the way, stepping in when the market was more certain. Christchurch 
cannot afford to take that attitude, as the opportunity to rebuild a city will soon be gone. Myers et 
al. summarizes the issue:  
 “…for sustainability to gain industry-wide acceptance, the majority of building 
owners and investors need to be assured of depth in the market as well as the 
financial certainty and viability of sustainable buildings… The lack of concrete 
evidence about the correlation between value and sustainability leaves the 
investment industry wondering and unsure of the financial benefits of 
sustainability” (Myers, et al., 2008). 
 
A study that goes a long way to providing ‘concrete evidence’ is the ‘Ministry for the Environment’s’ 
Value Case for Sustainable Building in New Zealand’ (2006) which aimed to determine the economic 
benefits and disadvantages of sustainable buildings. In financial terms, the investigation found that: 
- Capital costs of sustainable buildings varied from 15% less, to 11.5% more than conventional 
buildings, but on average were 2-6% more expensive. 
- Operational energy costs of the case study buildings were 35-50% less than conventional 
buildings. 
- Resulting payback period of sustainable office buildings varied from 10-13 years.  
- Residual value of a sustainable office building could be worth up to 40% more than a 
conventional building. 
 
It has been argued there are no ‘real’ incentives to invest in sustainable buildings and that most of 
the benefits accrue to the occupier rather than the investor (Myers, et al., 2008). However, Figure 
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2.11 illustrates the separate benefits for both developers/owners; and tenants. The left-hand graph 
shows that although a sustainable building will incur a higher capital cost (up to $200/m2 more than 
a conventional building), it will also yield higher rental returns (up to $350/m2 more). While this 
extra rent cost is picked up by the tenant, they enjoy other benefits. The right-hand graph shows 
how this extra $200/m2 rent pays off for the tenant through energy and productivity savings of up 
to $200/m2 and $900/m2 (20 year present value) respectively. 
 
 
Figure 2.11. Twenty year Present Value for sustainable office buildings from the developers/owners perspective (left); and 
from Tenants perspective (right). (Myers, et al., 2008). 
 
 
 
 
2.6 Urban Planning Policy and Christchurch’s ‘Stronger Built Identity’  
The stronger built identity initiative aims to facilitate: 
“A low rise city with safe, sustainable buildings that look good and function well, 
supported by urban design controls, new regulation and incentives…” 
 
Christchurch’s’ Built Identity will reflect the values of Cantabrians. Policy makers need to decide 
whether sustainable buildings really are a priority or whether they are merely ‘green-wash’. If 
sustainable buildings are central to their plans for the rebuilt city, the urban form will reflect this and 
will become part of the city’s built identity. The question that must be asked then, is- What does 
Christchurch want their city’s identity to reflect? 
 
The current compact, party-walled urban form means that only street facing facades of a building 
have access to daylight and fresh air. While these buildings could still look good, and even appear 
‘sustainable’ with some pretty greenery or timber louvers, in reality it cannot possibly function as 
efficiently as one with access to daylight and fresh air on all sides. This research intends to 
substantiate this hypothesis and determine just how much more energy efficient a building that has 
access to daylight and fresh air is than a building that does not. It concerns sustainable buildings, 
rather than sustainable frontages. 
 
If this is indeed the case, urban design controls must support a porous urban form, which is equally 
important as the design of the building itself. New regulation indicates the CCC’s intent to reform 
urban development laws in view of re-evaluated goals. Urban design controls regulating the size and 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
26 
Tavis Creswell-Wells, 2014 
juxtaposition of buildings is needed if the benefits of naturally lit and ventilated buildings are to be 
realized. 
 
The following Chapters look at the effect a ‘passive urban form’ would have on building performance 
(comfort, energy and density) in Christchurch Central City. Results and findings aim to determine 
how much building performance can be improved with a more porous urban form and passive 
designed buildings; and how extreme the changes to urban planning and development regulations 
would have to be to achieve this. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
27 
Tavis Creswell-Wells, 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
28 
Tavis Creswell-Wells, 2014 
Chapter 3: Methodology – Research Design 
 
This chapter discusses the methodological research techniques which underpin the implementation 
of the following methods chapters. The research aim the methodology must support is: 
 
To determine which changes to urban form and building design would have the 
greatest effect on building performance, but smallest impact on density in 
Central City Christchurch. 
 
 
3.1 Parametric Method of Analysis 
 
“Variations in design are a fundamental part of the design process in the search for 
solutions to design problems. Design variations support improvement of design which in 
turn improves the quality of designed artefacts.” (Hernandez, 2006). 
 
When specific detail of a design variable is unknown - for example, how much void is needed 
adjacent to a façade to enable effective daylight and natural ventilation? – a parametric 
investigation enables the designer to systematically analyse and ‘narrow down’ the options. By 
methodically altering one design parameter (or ‘variable’) at a time, the effect of that parameter on 
the target performance criteria is determined. ‘Parameterization’ is the process of declaring which 
‘attributes’ (of a design or model) are to be investigated (Hernandez, 2006). 
Each parameter is tested at a range of variations to reveal patterns of effect. Initially, only one 
parameter is altered at any one time (isolated) to ensure results are comparable; then combinations 
of parameter variations are tested. Comparisons then reveal which changes and combinations had 
the most impact on the desired performance. This is how the parametric approach addresses the 
Research Aim. 
 
3.1.1 Design of Parametric Study 
This research conducts the parametric investigation in two main parts: 1) Urban Form (UF); and, 2) 
Building Design (BD). The benefits of this are: 
- UF and BD parameters can be analysed completely separately. This enables a comparison 
between the general areas of UF, and BD; as well as comparisons of parameters within those 
two areas. 
- Number of scenarios can be limited. In parametric analysis, tested scenarios grow 
exponentially with every variation added. For example, 3 variables of 3 variations each 
equals 27 scenarios (3 x 3 x 3); whereas 3 variables of 4 variations each equals 64 scenarios 
(4 x 4 x 4). If UF parameters and BD parameters were tested simultaneously, an excessive 
number of scenarios would result. 
 
The approaches taken for each of the UF and BD parametric investigation are slightly different. UF 
adopts the manually conducted, conventional parametric method described here, and is explained 
further in ‘Chapter 5 – Parametric Investigation of Urban From’. BD, however, covered in ‘Chapter 6 
– Parametric Investigation of Building Design’, is split into two further parts: ‘Daylighting Design 
(DD)’; and ‘Ventilation and Thermal Design’ (VTD). DD uses the conventional parametric method, but 
VTD employs a computer program (GenOpt) to automate and streamline the parametric process. 
The different approach used for the final VTD part was possible, as complex daylight calculations 
were not required; and was necessary, to address the larger number of scenarios.  
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Figure 3.1. Flow-chart diagram illustrating the full parametric process. (Author). 
 
Figure 3.1 presents the full parametric process used in the study. Each component of this flowchart 
is broken down and presented in greater detail in its associated chapter. Ultimately, 59 Urban Form 
scenarios were formulated and tested; 27 DD scenarios; and (up to) 192 VTD scenarios. This equals a 
total of up to 283 different combinations of urban form and building design tested in the study. As 
Figure 3.1 depicts, a single ‘optimal’ scenario is developed through this process and represents the 
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final output of the parametric study. It is this minimized energy consumption scenario which 
addresses the research question: 
 
How far can the use of daylighting and natural ventilation through porous urban form 
and passive building design reduce energy consumption in Christchurch’s CCB? 
 
 
3.2 Study or Case-study 
Urban form, density, and, to a lesser extent, passive performance are characteristics of all cities. But 
because this research focuses on these urban design matters, specifically in Christchurch, an entirely 
unique rebuild situation, it is classified as a ‘study-based’ approach. This means that the focus is 
centred on Christchurch’s urban design, rather than on urban design in general, using Christchurch 
as an example. The value of this ‘study-based’ approach is that findings are actually implementable 
because they have been generated using data and a methodology bespoke to Christchurch. 
 
 
3.3 Generalizability and Applicability to Other Cities 
The parametric method of investigation is a common method of research and design in architecture 
(Hernandez, 2006) and can be replicated for any similar study. The metrics and tools selected are 
also widely used in design analysis and, with the exception of the CFD software ‘UrbaWind’, are 
easily accessible. 
This methodology is not, however, generalizable in terms of the inputs used, which are specific to 
the Christchurch rebuild. The investigation into urban form in particular is bespoke to Christchurch 
as it is based on Christchurch’s urban planning model and property situation. As has been 
established, urban form influences a city’s ‘micro-climate’ and potential for passive buildings, and 
can vary substantially between cities. For this reason results should not be presented as general or 
applicable to other New Zealand cities.  
 
 
3.4 Reliability and Validity 
To ensure the computer models developed in this research are reliable, and the results they produce 
are valid, the following measures were taken in the methodology. 
 
3.4.1 Realistic to Christchurch 
For findings produced through this study to have any chance of implementation, they must be 
representative of Christchurch conditions. To do this, tools like the Christchurch City Plan (CCPo) 
were used extensively to ensure urban design aspects of the models were realistic.  
A range of other documents with varying purposes have been published for the Christchurch rebuild. 
For example, the ‘CERA Christchurch Central City Commercial Property Market Study’ provided 
valuable, current information regarding the commercial expectations of the rebuild (i.e. building 
supply and demand projections) (Ernst & Young, 2012), and was used for density analyses. 
The ‘draft Central City Plan’ (dCCP), discussed in the introduction chapter, was used as a 
representative of the Christchurch people, establishing their desires for the city. 
Despite the use of city plan regulations, urban form is still highly variable with unlimited variations of 
building sizes and juxtapositions. So to model an ‘unknown’ environment, the study adopted a 
‘uniform city’ approach (refer Section 5.3), meaning all buildings were as much as possible realistic 
but were identical in terms of size and separation. While this is not a likely scenario, it does enable 
an expedient and comparable parametric investigation of different design variables at varying scales.   
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3.4.2 Other Data Input Sources 
Additional to the Christchurch specific input data is the more general information required for 
reliable energy models. To accurately represent a typical New Zealand office building, data from the 
Building Energy End-use Study (BEES), conducted by the Building Research Association New Zealand 
(BRANZ), was used.  The BEES project aggregated real building performance data of 3,000 New 
Zealand commercial buildings and produced outputs such as the energy modelling templates 
(BRANZ, 2012) used as the basis for computer models in this research.  Obviously, to be feasible, 
results must abide by New Zealand Building Code (NZBC) regulations. Standards and clauses are 
referenced where necessary throughout the study, and in some cases form the basis of design 
parameters tested.  Where NZBC standards do not cover a situation, international standards are 
used. Professional organisations such as the ‘American Society for Heating, Refrigeration and Air-
conditioning’ (ASHRAE), the ‘Chartered Institution of Building Services Engineers’ (CIBSE) and the 
‘Illuminating Engineering Society’ (IES), provide rigorous tools and standards for environmental and 
energy performance and modelling in buildings and are used as required. 
 
3.4.3 Selection of Computer Programs  
In selecting computer programs for the study, three criteria were considered: 
1) Validation. Validation provides assurance that the software is capable of accurate 
predictions and data, such as actual energy consumption in a building (Shrestha & Maxwell, 
2011). All programs used in this study have been officially validated for their purpose- this is 
discussed where relevant. 
 
2) Outputs. This research addresses a range of building performance areas- daylighting, 
ventilation, urban design and energy efficiency. As no available program is proficient with all 
of these components, a range of packages needed to be integrated. Calculations made by 
some of these programs required inputs generated by the other programs. For example, 
EnergyPlus required wind pressure coefficients to calculate natural ventilation but cannot 
produce them itself. Therefore an external program was required to calculate urban wind 
flows and needed to produce pressure coefficients that could be integrated into EnergyPlus.  
Outputs also needed to enable the desired analysis of performance. For example, EnergyPlus 
can calculate daylight illuminances but cannot convert them into targeted performance 
metrics such as Daylight Autonomy. This is one reason why Daysim was employed. Metrics 
and Tools are covered in detail in Chapter 4. 
 
3) User ability. A significant factor in building energy modelling is the ability of the modeller. To 
improve reliability of the models and results, programs with which the user had previous 
experience, were selected.  
 
3.4.4 Robustness Tests 
In some situations through this research, a question or issue was raised that could not be answered 
through existing literature. In the case of CFD program UrbaWind for example, where published 
validation reports were scarce, an internal validation exercise was conducted to determine the 
programs reliability for this study. This and a range of other quality assurance checks can be found in 
‘Appendix A - Robustness Tests’. 
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3.4.5 Survey of Christchurch Architects 
A notable measure taken to ensure model reliability was the ‘Survey of Christchurch Architects’ 
developed for this study. This survey aimed to identify typical and extreme architectural design 
patterns for Christchurch’s central city commercial buildings, based on current local practice (e.g. 
WWR's, glazing properties, etc.). This data was intended to inform the development of computer 
models and variables tested. However, despite considerable effort to effectuate these surveys, 
response rates were too low (3 of 40) to draw any conclusive or defensible patterns from- and had 
to be abandoned. The survey can be found in Appendix C. 
 
 
 
3.5 Quantitative Methodology 
This research is a quantitative study, investigating a range of building performance areas (refer Table 
3.1; full details in Chapter 4) through the generation and measurement of numerical data.  
Quantitative data enables “the identification of evidence regarding specific cause and effect 
relationships.” (Mora, 2010).  The research aim of this study intended to determine which urban 
form and building design parameters contributed the most to high performance buildings. For this 
reason it is important to establish clear relationships between individual design parameters and 
resulting performance- which is made possible through quantitative analysis. 
Quantitative research can be generalised from the scenarios tested in a study, to a wider range of 
scenarios (Sibanda, 2009). This is important for this study which intends for its findings to be applied 
to future building projects in Christchurch. 
 
 
Table 3.1. Summary of study’s performance areas and corresponding quantitative metrics. 
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Chapter 4: Method – Development of Modelling Metrics, Tools and 
Methods 
 
Chapter 4 focuses on ‘how’ testing was conducted. It discusses and establishes the techniques used 
to make and assess models tested in this research. The chapter is broken down into the study’s 
three main ‘Building Performance Areas’ – Energy (Section 4.1); Daylight (Section 4.2); and, Natural 
Ventilation (Section 4.3). For each of these Building Performance Areas, a set of metrics, tools and 
methods are identified. ‘Metrics’ - “A system or standard of measurement” (Oxford Dictionaries, 
2013) - are used to measure performance of the tested scenarios. ‘Tools’, with which the metrics are 
examined, are the equipment used to generate data, and, in this case, are all computer programs. 
Finally, the ‘method’, through which the metrics and tools are used to conduct the investigations, is 
established and explained.  
 
 
4.1 Assessing Building Energy Performance 
While this research is primarily concerned with passive design issues, there is an underlying factor 
that must be considered- money. As discussed in ‘Chapter 2 – Background’ the environmental and 
sustainability benefits of passive architecture, while palpable, are largely overshadowed by 
economic requirements. Commercial building investors need to see financial certainty in 
passive/sustainable architecture before it can be accepted and implemented in reality (Myers, et al., 
2008). For this reason, energy, which can be easily translated to dollar terms, is the principal building 
performance area, over daylighting and natural ventilation metrics.  
 
The selected metrics, tools and method used to assess energy performance need to: 
- be simple enough to enable a large number of urban form and building design scenarios to 
be tested, yet comprehensive enough to ensure useful results; 
- enable analogous performance results so models/scenarios can be compared;  
- enable findings that are relatable and applicable to reality, so as to increase likelihood of 
implementation in the real world. 
 
4.1.1 Energy Consumption Metrics: kWh and kWh/m2/year 
A frequently used, and therefore familiar, system for measuring energy consumption in buildings is 
the kilowatt hour (kWh).  However, because it only measures absolute energy consumption it cannot 
be used to compare different sized buildings. To do this the kWh/m2/year metric will be used as it 
represents energy consumption as a function of floor area, enabling comparisons. The ‘year’ aspect 
means all seasonal and daily cycles are considered in the figure- making it more comprehensive than 
a daily or monthly analysis. This unit is also referred to as Energy Use Intensity (EUI) which will be 
the system used to compare energy efficiency of scenarios in this study.  
 
4.1.2 Energy Analysis Tools 
To accurately calculate how much energy is incurred as a result of each of the urban form and 
passive building designs tested, a suitable energy analysis tool is required. Because the research 
investigates theoretical urban form and building designs, methods such as extrapolation of existing 
building data would not provide reliable representation. The selected tool would need to be able to 
support the small design alterations investigated in the research (e.g. changing glazing type); and 
would need to be sensitive to the resulting effects on energy performance. For these reasons, the 
‘responsiveness’ and detail of computer modelling is considered the most suitable tool. 
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4.1.2.1 Computer Modelling and EnergyPlus 
A range of computer programs exist specifically for estimating energy consumption in buildings. 
Packages such as DOE-2, IES Virtual Environment, TRNSYS and EnergyPlus are all powerful, validated 
energy modelling tools (U.S Department of Energy, 2011). However, due to its ability to facilitate the 
research, and my previous user experience, EnergyPlus was selected as the energy analysis tool. 
 
“EnergyPlus is an energy analysis and thermal load simulation program. Based on 
a user’s description of a building from the perspective of the building’s physical 
make-up, associated mechanical systems, etc., EnergyPlus will calculate the 
heating and cooling loads necessary to maintain thermal control set-points,…and 
the energy consumption of primary plant equipment; as well as many other 
simulation details that are necessary to verify that the simulation is performing as 
the actual building would.” (Lawrence Berkeley National Laboratory, 2013). 
 
EnergyPlus, developed by LBNL and NREL and funded by the US Department of Energy, is a 
rigorously tested and validated energy modelling package (U.S Department of Energy, 2011). 
EnergyPlus is capable of concept stage indications to complex final design compliance simulations. 
Its comprehensive range of ‘outputs’ are particularly useful for investigating specific aspects of 
building performance. 
 
This study focuses on two types of outputs which cover a range of energy and environmental 
‘performance indicators’.  In terms of energy, the program can breakdown building performance into 
different ‘Energy End-use’ categories, which inform how much energy a specific system is using to 
maintain comfort. Energy End-uses, or ‘energy performance indicators’, can be used to analyse how 
effective a passive system is. For example, high energy consumption under the 'Interior Lighting' end 
use would indicate daylighting is not terribly effective. The Energy End-use categories used in this 
study are outlined in Table 4.1 along with an explanation of their significance in terms of passive 
performance.  
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Table 4.1. Energy End-use Outputs generated by EnergyPlus used in building performance analysis. 
 
It is all very well to make buildings energy efficient, but this is futile if the occupants are 
uncomfortable. For this reason the study also uses EnergyPlus’ ‘environmental performance 
indicators’ outputs to analyse ‘comfort’ in spaces. These hourly data sets enable analysis of ‘when’ 
spaces are uncomfortable as a result of the building’s design. From there it is possible to identify 
‘why’ these patterns have emerged; and, which design parameters are responsible or could be 
changed to improve comfort - a primary goal of the research. When combined, energy and 
environmental performance indicators provide the framework for assessing scenarios.  
 
Table 4.2 outlines the environmental outputs reported by EnergyPlus for this research, again with 
explanation of their significance in terms of passive performance. Each of these ‘environmental 
performance indicators’ will be discussed as they are addressed throughout this chapter. It must be 
noted that the daylight performance indicators (DA and mDA) are not analysed in EnergyPlus but in 
the daylight analysis package, Daysim (refer Section 4.2.2.2). 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
37 
Tavis Creswell-Wells, 2014 
 
Table 4.2. Environmental Performance Indicator Outputs generated by EnergyPlus used in building performance analysis. 
 
EnergyPlus supports the study’s selected energy metric (kWh/m2/year) as well as the necessary 
range of environmental metrics. Following is a description of the measures taken to ensure 
processes and inputs used for energy modelling were reliable and appropriate to the scope and 
goals of the research. 
 
 
4.1.3 Energy Modelling Method 
 
4.1.3.1 BEES Templates 
A useful tool available for EnergyPlus modelling is the set of 'BEES Templates' created by BRANZ. 
These templates include generic but detailed commercial building information such as typical 
equipment loads, occupancy schedules, material and construction definitions, HVAC systems, etc. 
derived from the study of over 3,000 commercial buildings (BRANZ, 2012). For this study the ‘OP5’ 
(Open Plan, Strata 5, refer Figure 4.1) template was selected, as buildings needed to be ‘open-plan’ 
to enable natural cross ventilation; and would be as large as 7,200m2 (floor area). 
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Figure 4.1 Open Plan, Strata 5 (OP5) BEES Energy Modelling Template. (BRANZ, 2012). 
 
4.1.3.2 Substantiation of Energy Models 
Because the research works with hypothetical buildings and scenarios based as much as possible on 
reality, but not on existing or specific buildings, the models cannot be calibrated against real building 
energy consumption figures. Instead, hypothetical models can be substantiated against typical 
building data using the aforementioned EUI, which is a standardised energy efficiency index based 
on the kWh/m2/year metric. The ‘BEES Interim Report- Year 5: Energy Use Outliers’ which 
investigates energy consumption patterns of New Zealand commercial buildings, found that office 
building energy efficiency ranged from 100-300 kWh/m2/year. This is consistent with NZS4220:1982, 
which specifies an energy consumption target of 100 kWh/m2/year for new office buildings (Bishop 
& Isaacs, 2012). This study's ‘Baseline’ (Model 0), which was created to represent a 'typical' office 
building located in Christchurch’s CBD, and from which all other ‘passive’ models were developed, 
was simulated to have an EUI of 135kWh/m2/year (refer Section 7.1.1). This is within the expected 
100-300 kWh/m2/year range and is approaching the 100 kWh/m2/year new building standard. This 
result substantiates the modelling process followed in this research. 
 
4.1.3.3 Integrating External Programs with EnergyPlus 
While EnergyPlus is proficient in estimating energy consumption, it is limited in some regards. Two 
of this study’s main building performance areas – daylight and natural ventilation – which are critical 
aspects of passive architecture, are not calculated as adequately in EnergyPlus as was desired. The 
following Sections 4.2 and 4.3 explain how daylight and natural ventilation are addressed in the 
study, and how they have been integrated into EnergyPlus to improve robustness of calculations. A 
summary of the full modelling process is presented at the conclusion of this Chapter.  
 
4.2 Assessing Daylight in Buildings 
Daylighting metrics, tools and methods used for analysis are issues to which there is considerable 
debate. The research paper ‘Current daylighting design and practice’ outlines the most popular 
methods daylighting designers and researchers employ to measure and assess daylight performance: 
 
When asked what criteria they used to assess the overall quality and performance 
of a daylighting design, 72% of 158 participants selected energy savings due to 
daylight as the main performance indicator. This choice was followed by the 
avoidance of glare (64%), aesthetics (54%), the assessment of solar heat gain 
(54%), illuminances on selected work planes (46%), the existence of a view (46%), 
the presence of lighting controls (45%), uniformity/variation of daylight (44%), 
minimum/maximum levels for daylight factor (38%), and daylight autonomy levels 
(17%). (Galasiu & Reinhart, 2008).  
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This section aims to determine which daylighting assessment approach (set of methods, metrics and 
tools) is most suitable for this research. Specifically, the approach would need to: 
- enable a comprehensive investigation of daylight ‘quality’; 
- enable comprehensible, comparable results, and, 
- enable the integration of daylight data into the EnergyPlus models where it could be 
translated into energy savings through reduction of artificial lighting loads. 
 
4.2.1 Daylight Performance Metrics 
4.2.1.1 Luminance, Illuminance and Luminous Flux 
In photometry- the science of measuring light –metrics used to quantify light can be categorised into 
three groups: 
Luminous flux measures how much light is emitted from the source (e.g. the sky or bulb) and does 
not indicate light levels at the point of interest in this study (the working plane) (The Society of Light 
and Lighting, 2002).  
Luminance is the perceived brightness in a space but is subject to factors like colour/material of 
surfaces; and the observer’s relative position, which can produce subjective perceptions of light. 
Illuminance- ‘the total luminous flux hitting a surface per unit area’ measures the amount of light, in 
lumens per meter square (lm/m2) or lux (lx), received by the working plane surface. “The illuminance 
and its distribution on the task area and its surrounding area have a great impact on how quickly, 
safely and comfortably a person perceives and carries out a visual task.” (The Society of Light and 
Lighting, 2002). Figure 4.2 illustrates the difference between these metrics and, importantly, how 
illuminance measures the amount of light penetrating the urban environment to reach the target 
working plane.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Depiction of lighting metrics and how Illuminance describes light reaching the target working plane. (Author). 
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Illuminance quantifies the effectiveness of the urban form and building design to deliver daylight to 
the working plane- therefore facilitating this study’s goal of determining urban and building design 
parameters for effective daylighting. 
 
4.2.1.2 Minimum Illuminance Threshold 
But what level of illuminance (lux) is required? There is some divergence on this topic. 
‘NZS1680.1:2006 - Interior and Workplace Lighting’ recommends minimum illuminance levels of 320-
400lx for simple, typical office tasks (reading, writing, typing, etc.) (Standards New Zealand, 2006). 
The Illuminating Engineering Society (IES) (2012) suggest in the document ‘Approved Method: IES 
Spatial Daylight Autonomy (sDA) and Annual Sunlight Exposure (ASE)’ that any illuminance value in 
the range of 100lx-1,000lx could be used as a lighting performance indicator set-point due to the 
fluctuating nature of daylight (daily/seasonal cycles), but that 300lx represents the best correlation 
to occupant preference. 'The Society of Light and Lighting' (SLL) (2002) suggest a more restrictive 
range with 500lx as the upper end and stress that 300lx should be the absolute minimum, as high 
contrast and visual discomfort is likely to become an issue (Section 4.2.1.4 discusses glare). 
According to these standards it could be determined that 300–500lx is preferable; therefore, the 
mid-range value of 400lx, which is also the more demanding performance criteria under NZS1680, 
was selected as the minimum illuminance threshold. 
 
4.2.1.3 Daylight Autonomy (DA) 
“Daylight Autonomy is defined as the percentage of time over a year at which daylight can provide a 
given illuminance for a given point.” (Architectural Energy Corporation, 2006). Following a 
simulation, times when 400lx is exceeded are tabulated for each point on the analysis grid to identify 
daylight effectiveness in a space. This data can be effectively visualised through colour coded 
renders on the analysis grid (refer Figure 4.3). 
DA is more useful than a metric like Daylight Factor (which is simply a ratio of outdoor to indoor 
light) because it is based on absolute illuminance levels and so informs how much time per year 
artificial lights can be turned off or dimmed. For example, Figure 4.3 illustrates how ‘Good daylight’ 
and ‘Poor Daylight’ would look in terms of DA. In the good daylight scenario, the lowest DA value is 
60%, meaning that for 60% of the year, ALL lights could be turned off. Immediately, one can see that 
this space can save 60% of its annual lighting costs - a very useful piece of information in the context 
of energy efficiency and passive design. 
 
 
Figure 4.3. Example of Daylight Autonomy (DA) visualized on the Analysis Grid. (Author). 
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Because people tend to be demanding of their working environment, daylight performance needs to 
be highly effective and reliable. If occupants believe daylight is too frequently insufficient they are 
likely to lose patience and revert back to more consistent artificial lighting- defeating any daylighting 
endeavours. To avoid this, the minimum 400lx needs to be achieved for a minimum percentage of 
the year. Obviously, a DA of 100% would be preferable as it would mean that illuminance targets are 
met for the entire working year. However, this is not realistic and a more obtainable target should 
be set.  Most studies agree that a DA of 50% is sensible, with the strongest correlation to occupant 
preference (Illuminating Engineering Society, 2012). Daylighting expert Christoph Reinhart also 
advocates a DA of 50% as acceptable and adds that spaces which reach a DA of >70% can be 
considered to have ‘very good’ daylighting (Reinhart, 2012). Based on these sources, this study 
adopted a minimum DA target of 50% (DA400lx/50%) for ‘adequate’ daylight. Anything over 75% 
(DA400lx/75%) will be considered ‘very good’ daylight performance (75% as ‘three-quarters’ is more 
relatable and has more impact than ‘70%’). 
 
4.2.1.4 Glare, Contrast and Maximum Daylight Autonomy (mDA) 
Glare- the result of direct or reflected sunlight, and contrast- exaggerated brightness in contrast to 
darker areas (Mead, 2011), represent a fundamental issue in daylighting design and potential barrier 
to its implementation and success. “Even a single occurrence of problematic direct sunlight for an 
occupant can result in complaints and an override of the daylighting resource…” (Architectural 
Energy Corporation, 2006). If efforts focus too heavily on delivering high levels of daylight to a space 
but neglect to account for the adverse effects of over-exposure, then occupants are likely to be 
dissatisfied with their visual environment. This could lead to blinds being closed, which can diminish 
daylight by up to 98% (Illuminating Engineering Society, 2012).  
 
Just as with minimum lighting targets, maximum illuminances also need to be established to avoid 
these overexposure issues. A common daylight metric that accounts for glare is the Useful Daylight 
Index (UDI). This index establishes a range in which illuminances are considered beneficial to 
occupants (100-2,000lx), whereby Illuminances exceeding 2,000lx are considered too bright and 
likely to cause glare issues (Rogers, et al., 2006). However, UDI does not fully consider ‘contrast’. The 
CIBSE ‘Code for lighting’ resource states that, in order to avoid contrast issues, illuminance ratios 
should not exceed 10:1 meaning maximum illuminances in a space are not more than 10x the 
illuminance of any other point (The Society of Light and Lighting, 2002). With the minimum 
illuminance threshold of 400lx, maximum illuminance threshold is therefore calculated as 4,000lx.  
 
Another method to assess over-exposure is ‘maximum Daylight Autonomy’ (mDA), which identifies 
‘over-lit’ areas of a space. Because it is based on the 10:1 ratio, mDA identifies spaces that are 
problematic in terms of both glare and contrast, making it more robust than UDI. The combination of 
DA and mDA provides a complimentary and compact means of analysing daylight performance and 
quality. The selected daylight analysis software, Daysim, can report both mDA and DA results.  
 
As the metric assigned to assess over-exposure, mDA criteria must therefore be demanding. The 
study ‘Dynamic Daylight Performance Metrics for Sustainable Design’ applies a threshold of mDA 5%, 
meaning over-exposure is an issue if occurrences exceed 5% of the year (Rogers, et al., 2006). The 
‘Architectural Energy Corporation’ (2006) recommends an even more challenging criterion of <1% 
mDA for <5% of the work-plane. This means that illuminances cannot exceed 4,000lx for 99% of the 
year, across 95% of the space. This report provided the most comprehensive framework for mDA 
requirements and supports this research’s goal of high quality environments. An mDA criteria of 
<1% mDA for <5% of the work-plane will therefore be adopted for the study. 
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4.2.1.5 Spatial Daylight Autonomy (sDA) 
The sDA metric recognizes that if daylight is only present in part of a space it is likely to be ignored as 
a lighting option. The IES (2012) states that for a space to be acceptably daylit DA must be achieved 
for at least 55% of the analysis area. Further, they define ‘preferred’ daylight as >75% of the 
analysis area, which is adopted as the sDA criteria for this study (consistent with its high-
performance goals). 
 
4.2.1.6 Period of Analysis 
To ensure daylight is measured consistently, analysis will be based on 'work-day hours', rather than 
'daylight hours', which are subject to seasonal variations. The IES (2012) recommends that, in order 
to account for flexible working hours, the assessment period should be extended from the more 
conventional ‘9 to 5’ working day to 8am–6pm. So while energy simulations and analysis will be 
conducted for all hours of the day and year (8,760 hours total), daylight analysis will only be 
performed between 8am-6pm on weekdays (3,650 hours total). 
 
4.2.1.7 Analysis Grid 
Depending on the investigation, light could be measured at a range of different locations, including 
eye level, points of interest or task areas (Heschong, et al., 2009). As this study is concerned with 
offices and therefore light available atop desks, an analysis grid was placed at working plane height, 
(desk height, 0.8m above FFL according to NZS1680) across the entire space. Analysis grid extents 
are 1m inside all walls, as required by ‘AS/NZS 1680.1:2006 - Interior and Workplace Lighting’ 
(Standards New Zealand, 2006).  
 
The IES recommends that for daylight analysis of a full space, the grid should be uniformly spaced 
with grid point intervals of 0.6m maximum in both the X and Y directions. However, as the tested 
spaces are large (up to 20x50m) this would result in extensive computing times and will not 
necessarily produce ‘more accurate’ results than a ‘reduced detail’ analysis grid. To determine the 
required frequency of analysis points ‘Robustness Test 1 –Analysis Grid Detail’ was conducted (refer 
Appendix A.1). This investigation tested a 10x50m space twice: once using a 1x1m grid (441 grid 
points), then again using a 2x10m grid (30 points) and found that neither DA levels nor resulting 
energy consumption were significantly affected (both <1%), and computation times were halved. 
Grid points are therefore set at 2m intervals in the X-direction and 10m in the Y-direction. 
 
Another quality assurance test ‘Robustness Test 2 –Analysis Grid Frequency’ looked at whether an 
analysis grid was required for each level of the model (refer Appendix A.2). Daysim can only calculate 
daylight coefficients for a single analysis grid at any one time, so to generate illuminance data for 
each level would require multiple, time intensive, runs of the same model. Robustness Test 2 found 
that applying daylight levels from the mid-height storey to all levels resulted in artificial lighting 
loads, and total energy loads, of <5% difference to a scenario in which daylight was calculated for all 
levels independently. Therefore a single representative daylighting grid is applied in all scenarios. 
 
Section 4.2.3 explains how daylight calculations inform energy consumption calculations. 
 
Table 4.3 summarizes the daylight metrics used to assess daylight performance in this study. 
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Table 4.3. Daylight Performance Indicator Outputs generated by Daysim. 
 
4.2.2 Daylight Analysis Tools 
4.2.2.1 EnergyPlus and the Split-flux Daylight Calculation Method 
While proficient in energy estimations, EnergyPlus can be limited in its daylight calculations and 
analysis. To calculate daylight, EnergyPlus uses the ‘split-flux’ method, which does not consider the 
‘Internally Reflected Component’ (IRC) of daylight (refer Figure 4.4) (Ibarra & Reinhart, 2009). 
 
 
Figure 4.4. The components of daylight. Split flux method omits the Internally Reflected Component (IRC). 
(Ibarra & Reinhart, 2009). 
 
The result of this omission is a substantial under-prediction of daylight availability, and, therefore, an 
over-prediction of required artificial lighting loads. In the scenarios’ tested by this study, where 
buildings are separated by small gaps, internal reflections could make a significant difference to 
illuminance levels. The split-flux method would likely cause significantly inaccurate results and so 
alternative daylight calculation engines are to be explored and tested. 
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4.2.2.2 Radiance/Daysim and the Reverse Ray-trace Algorithm 
Daysim is a validated advanced daylighting analysis program that uses Radiance’s ‘reverse ray-
tracing algorithm’ which calculates light levels based on the physical behaviour of light in a 
volumetric, three-dimensional model (Jakubiec & Reinhart, 2011).  
 
“...light rays are traced in the opposite direction to which they naturally flow. The 
process starts from the eye (the viewpoint) and then traces the rays up to the light 
sources taking into account all physical interactions (reflection, refraction) with 
the surfaces of the objects composing the scene.” (Compagnon, 2001). 
 
A geometrical description of the scene is based on boundaries of objects (i.e. building surfaces) using 
the Cartesian co-ordinate system (X, Y, Z) (Compagnon, 2001). Figure 4.5 illustrates a ray-trace from 
a building occupant’s view-point, around the room and eventually to the light source- the sky. The 
‘sky dome’ is modelled on the ‘Perez All Weather Sky distribution’ which uses data from the ‘Typical 
Meteorological Year’ (TMY) weather file (Lenoir, et al., 2013). The benefit of the ray-trace method 
over the ‘split-flux method' is that it incorporates all three daylight components (SC, IRC, ERC) and so 
is a more complete interpretation of daylighting situations. Validation studies have found that 
Daysim can predict daylight autonomies to an accuracy of 2% (compared to measured data) 
(Reinhart & Walkenhorst, 2001). 
 
 
 
 
 
To confirm and quantify variance between the split-flux and ray-trace methods, ‘Robustness Test 3 – 
Daylight Calculation Method’ (refer Appendix A3) was conducted. It found that EnergyPlus/split-flux 
Figure 4.5. Section diagram illustrating how the 'ray-trace' method determines light at a point. 
Adapted from (Compagnon, 2001). 
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underestimated daylight to the effect of 26% (in lighting energy terms) in comparison to the 
Radiance/ray-trace method. The test also simulated the same building with only artificial lighting (no 
daylighting) to demonstrate potential energy savings through daylighting. This preliminary 
investigation found that artificial lighting energy could be reduced by as much as 52% with the use of 
daylighting. These findings both verify Radiance/Daysim as the selected daylighting tool, and 
demonstrate the significance daylighting has as an energy conservation measure in this research. 
 
4.2.3 Daylight for Energy Consumption Method 
Once Daysim completes a daylight simulation it generates an ‘artificial lighting reduction schedule’ 
output which (using fractions) describes how much artificial lighting densities can be reduced to 
supplement daylight in the space and reach the minimum required illuminance (refer Figure 4.6).  
EnergyPlus references this schedule (through the ‘Schedule:File’ object, refer Figure 4.7) and adjusts 
artificial lighting loads accordingly. 
 
For example, the artificial lighting coefficient for a ‘time-step’ (period of time between calculations- 
hourly) might be 0.2, which means daylight levels are high but not sufficient to reach 400lx across 
the space, and so artificial lights can be reduced to 20% of their ‘installed lighting density’ (12W/m2 
down to 2.4W/m2), saving 80% lighting energy for that time-step. This method enables automatic 
light 'dimming' to be incorporated into the daylighting system, and enables a more accurate lighting 
energy calculation than EnergyPlus. Previous studies that have employed this method include 
(Didone & Pereira, 2011) and (Jakubiec & Reinhart, 2011) which both conclude it successfully 
compensates for EnergyPlus’ limitation and produces a more reliable energy evaluation than using 
EnergyPlus alone. 
 
 
 
 
 
Figure 4.6 Example of an ‘artificial lighting reduction schedule’ produced by 
Daysim and referenced by EnergyPlus. (Author). 
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Figure 4.7. EnergyPlus referencing the Daysim ‘lighting density reduction schedule’ through its ‘Schedule: File’ object. 
(Author). 
 
 
Figure 4.8. Linking of referenced Daysim schedule to the ‘lighting density’ input (Watts per Zone Floor Area) in EnergyPlus. 
(Author). 
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4.3 Assessing Natural Ventilation in Buildings 
This section establishes the metrics employed to quantify natural ventilations and evaluate its effect 
on the indoor environment. It identifies factors critical to the calculation of natural ventilation in an 
urban environment and selects the tools capable of conducting these calculations. Finally it develops 
an appropriate method for analysing environmental and energy performance of natural ventilation 
in the tested urban form and building design scenarios. 
 
 
4.3.1 Natural Ventilation Performance Metrics 
4.3.1.1 Indoor Air Quality (IAQ) 
IAQ, which reflects the level of contaminants (e.g. C02, bacteria, etc.) in a space, is an important 
concept as it influences occupant comfort, health, attendance and productivity (Kleiven, 2003). 
Delivery of high quality air through effective natural ventilation would reduce energy consumed by 
HVAC systems to deliver artificially conditioned air. 
IAQ is an umbrella term that represents a range of different contaminants and design conditions, 
and so is not itself a measurable parameter. Instead, Carbon Dioxide (CO2) concentration within the 
air is a preferred indicator of IAQ. NZS4303:1990 – Ventilation for Acceptable Indoor Air Quality’ 
states that “Comfort (odour) criteria are likely to be satisfied if the ventilation rate is set so that 
1,000ppm CO2 is not exceeded.” (Standards New Zealand, 1990). In order to control contaminant 
build-up and maintain an environment of <1,000ppm CO2, air needs to be constantly vented 
(McIntosh, 2011). Figure 4.9 expresses the relationship between IAQ and air flow rate, illustrating 
how air-flow removes air-borne contaminants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Relationship between indoor pollution rates and indoor air flow rates. (McIntosh, 2011). 
 
A common ventilation design formula used in New Zealand, and which will be applied in this 
research, is the ‘Ventilation Rate Procedure’. For office spaces, a ventilation rate of 10 
Litres/second/person (L/s/p) is deemed sufficient to mitigate ‘harmful levels of contaminants’ 
(Standards New Zealand, 1990). 
 
This air exchange rate can also be expressed in Air Changes per Hour (ACH), which is the number of 
times the volume of air in a space is replaced with fresh, outdoor air every hour. Assuming an 
occupancy density of 10m2/person, the above 10L/s/p becomes 0.83 ACH (refer Appendix B.3 for 
calculations). This will be the minimum air change rate for sufficient ventilation in the study. 
EnergyPlus produces an ACH output which will be used to assess natural ventilation performance. 
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Ventilation can be used to cool a space as well as simply ventilate it. Higher air speeds associated to 
higher air changes (around 20 ACHs) can be used to increase moisture evaporation from people’s 
skin, resulting in a cooling sensation (Givoni, 1994). However, this is only useful in hot, summer 
conditions and will likely be undesirable in cold winter months. So while Figure 4.9 suggests, ‘more 
air changes is better’, this cannot always be applied. The area of openable windows shouldn’t simply 
be maximized to introduce large amounts of outdoor air, without consideration of conditions. 
Following is an explanation of the ‘Thermal Comfort’ factors – Air speed and Temperature - which 
contribute to a person’s perception of comfort in a space temperature (Architectural Association 
Environment and Energy Programme, 2010). 
 
4.3.1.2 Air Speed 
‘Air speed’ is the rate of air movement within a space (as opposed to ‘wind speed’ which is the 
equivalent term for outdoors). Air must move to deliver fresh air to the space, however, if air 
movement is too fast, it can become a source of annoyance for inhabitants- by irritating the eyes, 
lifting papers on desks or feeling like a draft (Architectural Association Environment and Energy 
Programme, 2010). 'CIBSE: Guide A' (2006) suggests that air speeds up to 0.3m/s are acceptable in 
most situations. However in the case of naturally ventilated spaces, people have less stringent 
expectations of their environment. Air speeds in cross ventilated buildings, in particular, tend to be 
between 1-2m/s.  Studies have shown occupants are more willing to adapt in these situations and 
will accept an air speed of 2.0 m/s in warmer conditions (Givoni, 1994). For assessment, air speeds 
will be considered ‘comfortable’ if they are below 0.3m/s, and ‘tolerable’ between 0.3 and 2.0 
m/s. Air speeds exceeding 2.0m/s will be considered uncomfortable. 
 
4.3.1.3 Temperature 
This study employs the simple ‘comfort band’ scale for thermal performance based on The World 
Health Organisation (1985), who define temperatures of 18-25oC to be comfortable for humans. To 
assess thermal comfort, EnergyPlus produces the output ‘Mean Air Temperature’ which is a 
combination of Air temperature and Radiant temperature (EnergyPlus, 2012). Each scenario will be 
assessed according to the percentage of the occupied year indoor temperatures lie between 18 and 
25oC. 
 
Table 4.4 summarizes the metrics used to measure natural ventilation performance. Each of the 
performance indicators will be measured hourly across the occupied year (weekdays between 8am-
6pm – same analysis period as for daylight). 
Table 4.4 Summary of metrics used for assessment of ventilation performance in the study. 
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4.3.2 Natural Ventilation Analysis Tools 
4.3.2.1 EnergyPlus and the Airflow Network for Natural Ventilation 
EnergyPlus includes a ventilation system template called the ‘Airflow Network’ which can be used 
for wind-driven cross ventilation. Following is an outline of the Airflow Network model including 
identification of components and explanation of critical design settings. Figure 4.10 offers a visual 
summary of the systems described. 
 
 
Figure 4.10. Diagram depicting important Airflow Network components. (Author). 
 
 
Venting Windows 
As has been established, designs tested in this research will deliver fresh air to spaces through 
windows on side facades rather than the street facing front facade. This enables double sided cross 
ventilation which is up to 3x more effective than single sided delivery. Figure 4.11 presents an 
elevation from the example model shown in Figure 4.10. It identifies the ‘Venting Window’ as well as 
the ‘Openable Window Area’ and ‘Venting Open Factor’ components explained next. 
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Figure 4.11. Window components central to the modelling of wind-driven cross ventilation. (Author). 
 
 
Openable Window Area 
The amount of air that can be delivered to a space depends on the ‘Openable Window Area’ - the 
portion of the window that physically opens. ‘Clause G4- Ventilation’ of the New Zealand Building 
Code (NZBC) states that “Natural ventilation of occupied spaces must be achieved by providing a net 
openable area of windows or other openings to the outside of no less than 5% of the floor area.” 
(1990). This standard will be used as a starting point for the Window Openable Area specification in 
the models. 
Figure 4.12 depicts the method EnergyPlus uses to define the openable window area, with the 
following settings. 'Window Width' is the full length of the facade (50m). 'Opening Width' is assumed 
to be 80% of the window width to account for frame area. 'Start Height' is set to the bottom of the 
glazed area to allow varying Opening Heights to be tested. ‘Height Factor’ describes the vertical 
percentage of the window that opens. Height Factor depends on the 'Opening Height', which varies 
depending on the desired openable window area and WWR. Variations of these settings are 
determined in Section 6.3.4. Window Openable Area calculations can be found in Appendix B.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12. EnergyPlus diagram illustrating the Openable Window Area for ventilation. Adapted from (EnergyPlus, 2012). 
 
 
Venting Permitted Criteria 
Central to the design of a natural ventilation system is the criteria defining when venting is 
permitted. The BMS will only allow windows to open if outdoor conditions will improve the indoor 
environment. Table 4.5 outlines venting criteria definitions used in EnergyPlus models. All of the 
criteria must be meet for ventilation to be allowed and windows to open. 
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Table 4.5. Conditions and criteria dictating ventilation operation in EnergyPlus models. 
 
 
Venting Open Factor 
Even when these venting rules are met, differences between indoor and outdoor temperatures can 
cause discomfort. In EnergyPlus this is addressed through the ‘Venting Open Factor’, which 
modulates the degree of ‘openness’ of windows. Windows will be allowed to open 100% of their 
capacity when the temperature difference between indoors and outdoors is <1oC. When the 
indoor/outdoor temperature difference is between 1oC and 15oC (maximum difference allowed) the 
openness of the window is modulated along a linear scale as illustrated in Figure 4.13. When 
temperature differences exceed 15oC windows are automatically closed. 
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Figure 4.13. EnergyPlus modulation of window 'openness' based on indoor/outdoor temperature differences.  
Adapted from (EnergyPlus, 2012). 
 
 
Figure 4.14 translates the concept illustrated in Figure 4.13 into a section diagram of a window. It 
shows the window 'ajar' when indoor/outdoor temperatures differences are large (e.g. 14oC; and 
completely open when they are small (e.g. 1oC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14. Section diagram illustrating window opening modulation. (Author). 
 
 
Wind Data 
Weather data used for simulations represents a location’s macro-climate (e.g. ‘Christchurch’), it does 
not reflect a micro-climate created by a specific urban form (i.e. the scenarios tested in this study). 
In the Airflow Network model, ‘External Nodes’ are used to inform the ventilation system of outdoor 
climatic conditions (e.g. wind speed, wind direction, precipitation) according to the weather file, for 
each time-step (every 10 minutes). Information gathered by these nodes is critical to the calculation 
of natural ventilation and so needs to incorporate the effects of the surrounding urban form. 
EnergyPlus cannot geometrically account for the effect on wind surrounding buildings will have 
However, the Airflow Network model does enable the user to manually enter 'Wind Pressure 
Coefficients (Cp's) values for a range of wind angles.  
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4.3.2.2 Wind Pressure Coefficients (Cp) 
The wind pressure coefficient, Cp, is a dimensionless value which represents the exposure to wind 
pressure on a particular surface or point (Costola, et al., 2009). Cp values are influenced by a wide 
range of parameters, specifically- building geometry, surrounding urban form, wind direction, wind 
speed, position on the façade and even façade detailing (Costola, et al., 2009). Cp values are a single, 
all-encompassing, manifestation of ambient wind conditions, which is why they are critical in 
modelling of natural ventilation. 
Wind-driven cross ventilation is dependent on pressure differences across indoor and outdoor 
boundaries, as well as between windward and leeward sides of the building, which force air into the 
building through openings (windows) in the building envelope (Muehleisen & Patrizi, 2013).  Laws of 
conservation of mass demand that the volume of air in a space must stay constant. Considering this, 
a pressure difference between two facades will cause air to be pushed into a space through the 
positive pressure openings, and sucked out through the negative pressure openings (Walker, 2010). 
These concepts of - positive and negative pressures; wind pressures as Cp values; and resulting 
ventilation – are illustrated in the following scenario (Figures 4.15 – 4.17). 
 
 
Figure 4.15. Diagram illustrating positive and negative wind pressure distributions on building surfaces.  
Adapted from (Hensen, 2013). 
 
Firstly, Figure 4.15 demonstrates how wind acting on the facades of a building creates pressure 
differences between the positive windward side and negative leeward sides. In the plan view, 
extreme positive pressures are present at the centre of the windward facade (point a) and negative 
pressures are experienced on the leeward facades, especially at the corners (point b). These interest 
points (a and b) are referenced to Figure 4.16 which demonstrates how these wind pressures may 
translate to Cp data. It is these Cp values which are entered into the Airflow Network models. 
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Figure 4.16. Diagram illustrating how the wind pressures in Figure 4.14 might manifest as Cp values. 
Adapted from (Tokyo Polytechnic University, 2007). 
 
Figure 4.17 illustrates how those wind pressure differences draw fresh air into the internal spaces. 
Vector arrows represent varying wind-flow (external) and air-flow (internal) by their relative size. 
The cause of the extreme negative pressures seen in Figures 4.15 and 4.16 can be seen in the 
‘eddies’ (swirling wind) at each corner of the building in Figure 4.17.  
 
 
Figure 4.17. Air flow around and through building as a result of wind pressures in Figures 4.14 and 4.15. (Author). 
 
Critically, Cp data considers the effect of surrounding physical forms. By taking the above example 
scenario (Figure 4.16) and adding surrounding buildings, a change in Cp data can be seen. Figure 
4.18 compares the original isolated building (left) to the same building with surrounding urban forms 
added (right). Clearly, Cp distribution patterns (contours) have been altered due to the increased 
turbulence. Secondly, Cp values are less extreme. Not only are maximum pressures reduced from 
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the isolated scenario (0.6 down to 0.1), but minimum values are also closer to neutral (-1.2 down to -
0.5). Reduced positive and negative pressures, and thus smaller pressure differences, are a direct 
result of the shielding created by the surrounding buildings. As a consequence, natural ventilation 
potential will diminish.  
 
 
Figure 4.18. Diagram illustrating the effect surrounding buildings have on Cp values. 
 Adapted from (Tokyo Polytechnic University, 2007). 
 
 
To quantify the effect adding urban form had on natural ventilation performance, substantiating the 
significance of the investigation, ‘Robustness Test 5 – Surrounding Buildings Effect on Natural 
Ventilation’ was conducted (refer Appendix A.5). Using the Tokyo Polytechnic University 
Aerodynamics Database (2007) the test found that a building in a non-isolated urban form would 
require 23% more HVAC energy than an isolated building, due to the lower and more turbulent wind 
pressures acting on the building. This is a significant amount of energy, substantiating natural 
ventilation as a potential energy conservation measure and demonstrating Cp values importance in 
natural ventilation modelling. 
 
4.3.2.3 Wind Pressure Coefficient Sources 
Because EnergyPlus cannot account for urban form in its pressure coefficient calculations, these 
values need to be determined externally. The source from which wind pressure coefficients are 
obtained can be crucial for accurate building energy simulations (Ramponi, et al., 2011). There are 
two types of Cp sources- Primary and Secondary. Primary sources – full scale measurements, wind 
tunnel tests and Computation Fluid Dynamics (CFD) - can generate wind data bespoke to a specific 
scenario, accounting for site factors such as urban form and so are more ‘sensitive’ than secondary 
sources. Secondary sources - databases and analytical models - are based on and generated by 
primary sources (e.g. databases are developed through wind tunnel testing) and are limited to a set 
range of scenarios (Costola, et al., 2009). Following is an outline of the criteria used to select a Cp 
source: 
1) Accessibility and Operability. The method and tools used to generate Cp values need to be 
readily accessible and input data required could not be too complex or the task would 
become too time intensive. Set up and calibration of wind tunnel models (e.g. atmospheric 
qualities/scales, etc.) is complex and would require ongoing support from experts. As such, 
wind tunnel testing was omitted as an option.  
2) Sensitivity to Small Urban Form Alterations. With the strong focus on the effect of urban 
form on passive performance, and the tested scenarios comprising small changes to the 
urban form, the Cp source needed to be highly sensitive. For this reason, generic databases 
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could not be used, as they would not be able to generate data for the subtle changes in 
urban form scenarios tested. 
 
Based on the above criteria, the most likely option was CFD, which can be used on any computer and 
enables models to be adjusted easily, to the desired level of detail, and for the preferred outputs.  
 
 
4.3.2.4 Computational Fluid Dynamics (CFD) 
CFD is an increasingly popular method for generating data such as Cp values and predicting natural 
ventilation performance (Chen, 2008).  
 
“CFD numerically solves a set of partial differential equations for the conservation of 
mass, momentum, energy and other scalar quantities such as turbulence intensities and 
species concentration. The solution provides detailed information on the spatial 
distribution of air velocity, pressure and temperature. Despite simplifications in the 
simulation studies, the results given by the CFD analysis are normally a realistic 
approximation of a real-life system. Its flexibility and cost effectiveness makes the CFD 
software a very powerful tool in the engineering research field.” (Teixeira, et al., 2012). 
 
CFD is an approximation process which uses mathematical equations to estimate wind movement 
and forces in a specified environment (the ‘domain’). A CFD simulation will iteratively adjust the 
equation variables until convergence is achieved (Thomas, 2007). Convergence is a point at which 
fluid conservation equations are obeyed in all cells of the computational domain to a specified 
tolerance. When convergence is reached (which may take thousands of iterations depending on 
level of accuracy/tolerance desired), the solution has been found and the computation is complete 
(FLUENT, 2011). Figure 4.19 displays an example CFD model labelling the key elements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19. Example of a CFD model (in UrbaWind) with key elements labelled. Adapted from (Meteodyn, 2013). 
Although fluid dynamics is a particularly unpredictable phenomenon for which mathematical 
algorithms are still being developed, they are largely considered sufficient to provide a ‘realistic 
approximation’ of expected wind conditions (Satwiko, et al., 1998). CFD’s most advantageous 
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attribute is its ability to model and generate data for any physical environment no matter how 
irregular (Costola, et al., 2009). 
In theory, CFD is a promising tool for this study. But how accurate is the data generated through CFD 
compared to more reliable measured data? The research paper ‘Reproducing the real pressure 
coefficient using a computational fluid dynamics program- How close is close enough?’ states that 
there is no guide defining acceptable deviation between CFD Cp values and measured Cp values, and 
that deviations of up to 20% can still be considered 'good agreement' (Satwiko, et al., 1998).  This is 
because real wind-flows fluctuate randomly but CFD calculates flow based on steady state 
conditions, and a small deviation in data should be expected. Another paper found that while a 
particular CFD program tended to overestimate absolute Cp values by up to 30%, this only 
materialized in an overestimation of air-flow rate of 15% (Ramponi, et al., 2011).  
This issue of CFD accuracy and reliability is addressed in terms of UrbaWind in the following section 
and in ‘Robustness Test 6 – Validation of UrbaWind’. 
 
4.3.2.5 UrbaWind 
There is a range of CFD programs which can generate wind pressure data in building/urban 
environments, such as FLUENT and Vasari. However, barriers (in particular- high cost) to these 
products meant they weren’t pursued.  The program UrbaWind by MeteoDyn was identified for its 
ability to generate Cp values. Furthermore, during investigation into accessibility of this product, 
MeteoDyn offered use of the software for free, increasing its attraction. 
 
UrbaWind’s pre-processing procedure is simple. Geometry is built in SketchUp and imported into 
UrbaWind where analysis grids can then be assigned to facades and split into as many analysis points 
as desired. For this study, a grid system was set up to generate a Cp value for each level of each 
façade (refer ‘Appendix D – UrbaWind Results’).  
 
Another important modelling consideration for natural ventilation is the Wind Angle of Incidence 
(WAI) frequency. More frequent WAI’s enable more Cp detail which presumably would enable more 
accurate natural ventilation calculations in EnergyPlus. However more frequent WAI’s also means 
longer computation and analysis times for each model. To determine an appropriate WAI frequency, 
‘Robustness Test 4 – Wind Angle Increment Frequency’ was devised (refer Appendix A.4). It found 
that, considering this study’s largely symmetrical Models, WAI's at every 45o were sufficient to 
produce reliable natural ventilation calculations. 
 
One of UrbaWind’s most useful attributes is its post-processing capabilities and clarity of data. 
Figure 4.20 illustrates a scenario where Cp values have been generated for an entire building and the 
ground plane around it. Cp values for each grid point, at each simulated wind angle, can also be 
exported as a text file and plugged into EnergyPlus models to represent likely wind conditions (refer 
Section 4.3.3).  
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Figure 4.20. Example of Cp values generated and rendered on surfaces in UrbaWind. Adapted from (Fort, 2013). 
 
The above information has demonstrated that UrbaWind is a malleable and suitable tool for its 
intended purposes, but how accurate is it?  The only verification study found was MeteoDyn’s ‘Study 
cases – Validation File’, (Leyronnas & Dupont, 2009) which only considered wind-speed, not wind 
pressure coefficients.  Therefore, it was deemed necessary to conduct a bespoke Cp data validation 
exercise of the software, in order to prove its reliability. ‘Robustness Test 6 - Validation of UrbaWind’ 
(refer Appendix A.6) found that UrbaWind’s calculated Cp values differed, in some cases, from the 
Tokyo Polytechnic University’s wind tunnel tested database Cp values (in identical models). 
However, these absolute Cp value differences equated to negligible ACH and mechanical cooling 
load differences when plugged into a corresponding EnergyPlus model. Therefore, it was determined 
that UrbaWind was accurate and reliable enough for application in this study. 
 
The following section explains how UrbaWind Cp data was integrated into EnergyPlus’ Airflow 
Network model to estimate likely natural ventilation performance in each urban form scenario. 
 
 
4.3.3 Natural Ventilation Analysis Method 
The EnergyPlus side of the natural ventilation calculations (Airflow Network) are explained in Section 
4.3.2.1. Figure 4.21 illustrates the full modelling process (including UrbaWind input parameters) and 
how UrbaWind and its Cp outputs were integrated into EnergyPlus models. ‘Appendix D – UrbaWind 
Results’ presents CFD models and Cp results for each urban form scenario. 
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Figure 4.21. Flowchart illustrating UrbaWind’s integration into EnergyPlus for natural ventilation calculations. (Author). 
 
 
UrbaWind’s Cp values are entered into EnergyPlus’ ‘Airflow Network: Multi Zone: Wind Pressure 
Coefficient Values’ object. One Cp value is specified for each wind angle for both the east and west 
facades of each level of the tested building. Wind angles calculated in UrbaWind were 0, 45, 90, 135, 
and 180o. The remaining angles: 225, 270, and 315o are derived based on the values calculated for 
the opposite façade (refer ‘Appendix D – UrbaWind Results’). An example of Cp values as they are 
entered into an EnergyPlus model (Model 3) is presented in Figure 4.22. 
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Figure 4.22. Example of UrbaWind Cp values entered into an EnergyPlus model.  (Author). 
 
 
 
4.4 Summary of Modelling Metrics, Tools and Methods 
Following is a brief summary of the Tools (Table 4.6); the Metrics and Performance Indicators (Table 
4.7); and the overall modelling process (Figure 4.23) used in this study. 
 
 
Table 4.6. Modelling and Optimisation Tools. 
 
 
Table 4.7. Performance Metrics and Performance Indicators. 
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Figure 4.23. Flow-chart illustrating modelling process and interaction between computer programs. (Author). 
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Chapter 5: Parametric Investigation of Urban Form 
 
Chapter 5 develops scenarios which enable urban form features to be parametrically tested for their 
ability to deliver daylight and fresh air to buildings. The parametric study consists of three parts: 
Firstly, Section 5.1 conducts a property categorisation study to decipher the varying property shapes, 
sizes and orientations of properties in Christchurch's CCB, and develops a single ‘representative 
property type’, to be used as the foundation of urban form scenarios in the parametric study. 
Secondly, urban form features which are expected to enable passive performance are identified and 
variations developed (‘parameterization’) in Section 5.2.  
Finally, Section 5.3 illustrates how the representative property type and selected urban form 
parameters/variations were developed into computer models, enabling each parameter to be 
isolated and analysed parametrically.  Section 5.4 presents the final Urban Form Models. 
Figure 5.1 depicts how the urban form parametric study moves through these parts to arrive at the 
Models, ready for testing. 
 
Building design details that do not concern urban form (such as insulation levels, glazing properties, 
etc.) remain constant in all urban form scenarios to ensure comparability (refer Table 5.2 at 
conclusion of this Chapter). Chapter 6 then explores building design in depth. 
 
 
Figure 5.1. Flow-chart diagram illustrating the process of the Urban Form Investigation. (Author). 
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5.1 Development of a Representative Property Type 
Urban Form is dictated by property parcels- therefore so too is the potential for passive architecture.  
Ideally, if properties were identical, findings from this study could be applied to all. However, this is 
not the case, and rebuilt CCB property parcels will retain their former irregular configuration. Size, 
shape and orientation of properties vary greatly resulting in hundreds of different situations. 
Modelling and testing each of these scenarios is too time intensive and impractical. Instead, a single 
‘representative’ scenario, which embodies common elements of CCB properties, will be used to 
simplify testing. While this approach will not produce results specific to any property or building, it 
will produce more general findings applicable to a wider sample of properties. 
Property is not a parameter altered or tested in this study but must be considered as it lays the 
foundation for building shape, size and orientation. Section 5.1 establishes the current land situation 
in the CCB and develops a ‘representative property type’ to be used as the basis of the urban form 
scenarios. 
 
5.1.1 The Central City Business zone (CCB) 
The study focuses on the ‘Central City Business zone’ (CCB), denoted in blue in Figure 5.2, because it 
consists largely of the focus building type - office buildings - and is the highest built density area in 
the city (Christchurch City Council, 2013). 
 
 
Figure 5.2. Christchurch City Plan Map 39D presenting CCB (blue) and maximum building heights. 
Adapted from (Christchurch City Council, 2013). 
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5.1.2 Land Designated for ‘Anchor Projects’ 
Land use and ownership has been a significant issue in the Christchurch rebuild. The CCC and CERA 
have purchased 350 properties from private owners, in order to develop a range of public facilities 
such as 'The Frame', 'Retail Precinct' and 'Health Precinct' known as 'Anchor Projects' (refer grey 
areas in Figure 5.2) (Canterbury Earthquake Recovery Authority (CERA), 2013). Most of the Anchor 
Projects are ‘Civic buildings’ containing highly specific activities, which are not necessarily practical 
for passive design strategies pursued in this study. For example, The Public Transport Precinct 
requires large indoor spaces to accommodate hundreds of commuters, making thin floor-plates 
impractical. For this reason, the study does not consider the Anchor Projects. However, they do 
occupy a considerable amount of land area and so must be included in the density equations (refer 
Section 7.1.2). For now, they are simply excluded from the following determination of which 
property type will be used for testing. 
 
5.1.3 Categorisation of CCB Properties 
To determine the ‘representative property type’, a ‘property categorisation study’ was conducted. 
Categorisation of properties was based on two criteria- property width; and orientation. 
Property width criteria needed to reflect the issues central to this research- porosity and density 
which is represented by floor-plate width and void space. As a starting point, the maximum floor-
plate width of 15m (based on daylight and natural ventilation rules of thumb established in Section 
2.2) is assumed.  Then, acknowledging that ‘void’ space will be required immediately outside the 
buildings, but not knowing exactly how much (one of the goals of this research) an estimate needed 
to be made. During dissemination of the pilot study, concerns over the 34% sacrificed NLA were 
expressed. 25% of the property width is therefore proposed as a starting point for void size. 
Assuming the 15m wide building, this manifests in a 20m wide property plot (2.5m gaps either side 
of the 15m wide building).  
Compared to the ‘Living Zone’ set-back requirement of 1.8m either side of the building (no such 
requirement in the CCB) (Christchurch City Council, 2013), this slightly larger 2.5m set-back is a 
logical starting point for an office building where occupant densities are higher and more fresh air is 
required. Therefore, to limit impact on density, 20m was adopted as the width of the representative 
property (15m wide building + 5m wide gaps). 
 
Property length is not a significant factor as both natural ventilation and daylight are intended to 
enter the building through the sides. In other words, the building can be infinitely long and still 
operate passively if its width and adjacent void are appropriate. Therefore, properties will be 
assumed to be 50m long, which is half the depth of a CCB block and enables simple extrapolation to 
other lengths (e.g. a 20m long building = 2/5 50m long building).  
 
Figure 5.3 illustrates how these principles resulted in the 20m wide property threshold. 
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Figure 5.3. Diagram illustrating how the passive design rule-of-thumbs informed building and property sizes. (Author). 
 
 
Orientation of property plots was also a necessary criterion because climatic considerations, such as 
sun paths and wind directions, which can influence design. For example, a north facing façade might 
benefit from an adjacent building casting shadow and reducing solar gains, where as a south facing 
facade isn't subject to solar gains and so a close neighbouring building would only reduce daylight. 
 
Orientation was defined based on the direction of the street from that property. For example, a 
property sharing side boundaries with three other properties and one road-boundary to the North, 
would be classified as a North-facing property. 
 
The goal of the categorisation study was to determine property types based on the width and 
orientation criteria. The most common property type would be taken forward to the development of 
urban form scenarios as the 'representative property type'. 
 
Figure 5.4 presents the categorisation study. It identifies 11 different property types and their 
parameters and illustrates which properties fit under those categories. From this map, each property 
type was tabulated to determine which were the most common and therefore the most significant.  
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Figure 5.4. CCB 'Property Classification Study Map', derived from Planning Map 39C. 
Adapted from (Christchurch City Council, 2013). 
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Results of the categorisation study (refer Table 5.1) show that 61% of properties in the CCB are 
between 10 and 20m wide. Furthermore, of the remaining 39% of properties, 12% are classified as 
‘too big’ (>20m wide). Findings from testing a property of <20m wide can easily be applied to larger 
properties, as they have more ‘freedom’ in their physical constraints. This means that 73% of 
properties in the CCB are wide enough for findings to be applied to. 
 
Of the 10-20m wide properties- ‘<20m wide and north facing’ and ‘<20m wide and south facing’ are 
the most common, representing 17% of the CCB each (34% total). Between these two (similar) 
property types, the north facing variation will be taken forward for testing. This is because a north 
facing building is subject to the added complexity of direct sunlight. Midday sunlight can cause 
substantial heat gains, requiring mechanical cooling if the building is not designed to mitigate it 
(Mead, 2011). This is an important consideration of passive solar design which would not be 
addressed if the south facing property type was selected.  
 
One limitation encountered through this testing approach is the lack of data that will be generated 
for buildings with east and west facing /façade adjacent to the street- in particular issues of glare 
resulting from low sun angles. This limitation is only minimal however as only 12% (7% east; 5% 
west) of buildings have facades exposed to the street in these directions. 
 
 
Table 5.1.  Number of properties under each classification in tabulated and percentage form. 
 
Figure 5.5 presents the property configuration, developed through the above categorisation study, 
which will be used as the basis of the urban form in testing. Based on the typical 100x200m 
Christchurch CBD block, properties are standardised into 20x50m plots running north-south. The 
central most property on the southern side of the street is highlighted as the subject property as it 
represents the most 'enclosed' (and therefore least access to daylight and wind pressures) north 
facing scenario. 
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Figure 5.5. CCB Block and Property configuration to be used as the basis of urban form scenarios. (Author). 
 
 
5.2 Parameterisation of Urban Form Variables  
This section discusses and establishes the Urban Form parameters, and variations of those 
parameters, that are to be tested in the resulting Urban Form Models.  
 
5.2.1 Urban Form Variable 1 – Building Height 
The ‘urban canyon’ (refer Figure 5.6) is the void space created by a road cutting through blocks of 
buildings and is one of the most significant sources of solar energy to buildings and outdoor spaces. 
The effectiveness of the urban canyon to deliver light and heat from the sun (and wind for natural 
ventilation) depends on its proportions- this is known as the ‘aspect ratio’. The aspect ratio denotes 
the ratio between the heights of buildings to the width of the street (H/W) (Ali-Toudert & Mayer, 
2006) and can have a significant effect on energy consumption in buildings. The paper ‘The urban 
canyon and building energy use: Urban density versus daylight and passive solar gains’ found that 
“the geometry of urban canyons has an impact on total energy consumption in the range of up to 
+30% for offices and +19% for housing, which shows that the geometry of urban canyons is a key 
factor in energy use in buildings.” (Stromann-Andersen & Sattrup, 2011). Figure 5.6 demonstrates 
how an urban canyon with an aspect ratio of 1:1 (top) creates shading across the entire street (at 
that particular time) and onto the building opposite; whereas an aspect ratio of 0.5:1 only shades 
half the street, meaning more light is present in the urban canyon for buildings to utilize.  
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Figure 5.6. Effect of building height on solar access to the urban canyon. (Author). 
 
 ‘Section 3.3.2.2.8 – Minimum Number of Floors’ of Christchurch’s Town Plan requires CCB buildings 
to consist of at least two levels, ensuring the city centre remains the highest density area, retaining 
its status as the heart of the city (Christchurch City Council, 2013). However, two floors will not be 
tested as the minimum building height. The CCPo mandates that the Ground and first floors of CCB 
buildings must be built to 100% of the property width for ‘continuous frontage’ (Christchurch City 
Council, 2013). Therefore a two storey building cannot be designed to operate passively as it will 
consist of party-walls along its sides. Considering this, the minimum building height tested will be 
four storeys (14m), which allows two 'passive levels'. 
 
In the CCB the maximum building height allowed is 28m (refer Figure 5.2).  
 
Additional to the lowest building height (4 floors, 14m) and tallest building height (adjusted to 26m, 
8 floors), a mid-height scenario of 6 floors (20m) will be added. Testing three building heights at two-
storey/6m increments enables a systematic investigation of the range of possible passive heights 
and their effect on energy efficiency. Furthermore, testing every second level will enable simple 
extrapolation of results to intermediate floors (e.g. energy consumed by a 5 floor building = average 
consumption of 4 floor and 6 floor buildings). 
 
The scenarios which test 4 storey buildings are Models 0, 1, 2, 3 and 13. 6 storey buildings are 
Models 4, 5 and 6. And 8 storey buildings are Models 7, 8 and 9 (refer Section 5.4). 
 
Summary: Urban Form Variable 1 – Building Height 
Lower limit – 4 floors (assumed to be 14m: ground and top floors 4m, intermediate floors 3m) 
Upper limit – 8 floors (assumed to be 26m) 
Increments – every 2 floors (4, 6 and 8 floors = 14, 20 and 26m) 
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5.2.2 Urban Form Variable 2 – Road Width 
The second component of the urban canyon and aspect ratio is road width.  
 
“Traditional urban planning has sought to control the proportions of the streets, 
because the basic geometry of building heights and distances between buildings 
[urban canyon] regulates access to light and solar heat. Zoning laws and building 
regulations usually establish height-to-distance ratios that limit the 
overshadowing that buildings may cause for public spaces and other buildings.’ 
(Stromann-Andersen & Sattrup, 2011). 
 
To determine which road widths should be tested, possible road widths need to first be identified.  
‘Section 3.8, Appendix 3 – List of Classified Roads’ of the CCPo identifies 'Minor Arterial-Urban' and 
'Collector Urban' to be the most common road types in the CCB (refer Appendix B.6) (Christchurch 
City Council, 2013).  The minimum allowed width of ‘Minor Arterial’ roads is 20m (from building to 
building, rather than curb to curb), and the maximum allowed width of ‘Collector’ roads. As the most 
common existing width, 20m will be used as the baseline for the Road Width parameter. 
 
Minor Arterial roads can be expanded up to a maximum of 30m wide, and so will be the upper limit 
for the Road Width variable. As some buildings survived the earthquakes, it is difficult to alter the 
road width in reality, and would therefore be illogical to test many variations of road width. Testing 
only an upper and a lower limit enables a theoretical investigation into the potential effect of 
widening the streets. To determine the effect of Street Width on building performance, the 
hypothetical 30m street width need only be applied to three scenarios - minimum density (Model 3), 
mid-range density (Model 5) and maximum density (Model 7) - to establish a pattern. This concise 
approach will enable an analysis of whether street width has the greater effect on low density, high 
porosity urban forms; or, high density, low porosity urban forms. 
 
The scenarios which test alternative 30m wide streets are Models 10, 11 and 12 (simply Models 3, 5 
and 7 with expanded streets, refer Section 5.4). All other models consist of a 20m wide street. 
 
Summary: Urban Form Variable 2 - Road Width 
Lower limit – 20m (current situation) 
Upper limit – 30m (widest possible) 
Increments – none other (20m and 30m only) 
 
 
 
5.2.3 Urban Form Variable 3 – Gaps between Buildings 
There is no requirement in the CCPo to set buildings back from ‘internal boundaries’ (side 
boundaries), meaning they can extend to their boundary and share 'party-walls' with neighbouring 
buildings. As has been established, party-walls prohibit access to daylight and fresh air, making 
abutting buildings ineffective in terms of passive potential. It is for this reason that ‘Gaps between 
Buildings’ are proposed and are potentially one of the most significant urban form parameters 
tested in this research. Figure 5.7 re-presents the scenario presented in Figure 1.4 and asks- ‘how 
wide does the gap between buildings have to be to deliver sufficient wind pressure and daylight to 
side facades?  
It is expected that larger voids would enable buildings to have greater access to daylight and fresh 
air, but this of course affects density and floor area. Following is an investigation into ‘gaps between 
buildings’ and why they need to be limited to maintain density. 
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Figure 5.7. Scenario depicting the question of how much void between buildings is sufficient. (Author). 
 
To determine the minimum possible set-back from an internal/side boundary, other building 
standards must be considered. A substantial factor in the Christchurch rebuild is structural security. 
Under the NZBC, the maximum allowed ‘drift’ to avoid ‘pounding’ between buildings in seismic 
activity is 0.02 x the building height (Charleson, 2008). The largest building tested in this research 
would therefore require a set-back of 0.56m (28m x 0.02).  
Another issue concerning building proximity is fire safety. According to ‘Clause C: Protection from 
Fire’ of the NZBC, the minimum distance a ‘non-fire rated’ building façade can be from an 
internal/side boundary is 1m, to prevent the spread of fire (Department of Building and Housing, 
2012). 
As this fire related requirement specifies a larger set-back than the structural requirement, it takes 
precedence and will be adopted as the minimum set-back distance. Therefore, when applied to each 
building, either side of the boundary line, the minimum ‘Gap between Buildings’ distance will be 2m 
(2 x 1m set-back). 
 
The maximum ‘Gap between Buildings’ distance, on the other hand, is a matter dictated by what 
building owners regard as ‘acceptable’. To discern an answer to this critical question, two points are 
raised: 
1) Isolated precedence – Tony Gough, owner and developer of multiple CBD properties and 
buildings has begun design of a significant development in the CCB known as ‘The Terrace’, 
which comprises 45,000m2 of commercial floor area. However, this is only around 50% of 
the floor area possible on the site. Gough (2013) states that ‘We could have doubled the size 
of the development, but we wanted to let lots of light in. You have to give back to the city so 
it can give back to you.”  
 
2) CCB wide pattern – Another point that reinforces The Terrace precedent is the emerging 
patterns of building scale in central city Christchurch. The ‘Emergence of Christchurch’ 
article, presents 40 commercial building concepts planned for construction in and around 
the CBD. Of these projects, the average height was 3.15 levels, with only five buildings 
exceeding 4 storeys tall. (Webby & Hoare, 2012).  Reinforcing this expectation is the ‘CERA 
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Property Market Study’ which found “There was strong preference towards new, low-rise 
buildings, with 75% of respondents’ preferring to return to new buildings and 75% of 
respondents stating they would not return to a building over four storeys.” (Ernst & Young, 
2012).  
 
Considering buildings can be built up to 28m (~8-9 storeys) in the CCB it could be argued that, on 
average, buildings are only being built to <50% of their potential area anyway.  
 
Based on these two points it can be argued that developers might accept up to 50% of possible built 
volume be converted to void space to profit from natural amenities of daylight and fresh air. 
Although a 50% reduction of NLA appears at first to be excessive and unfeasible, it is perhaps not as 
absurd as one might think. While it is not expected that land/building owners or developers will be 
particularly receptive to the concept (at least at first), there is sufficient justification to investigate a 
step-back of 50% of the property width. Therefore, gaps between buildings equal to 50% of the 
property plot (10m of the 20m wide property) will be adopted as the maximum void size.  
 
Again, a third ‘gap’ size of 6m, the mid-point between the 2m and 10m wide scenarios, will be 
included to better reveal patterns. This set of gap sizes will enable a clear and comprehensive 
investigation of void-to-built volume ratios. 
 
The scenarios which test 2m gaps between buildings are Models 1, 4, 7 and 12; 6m gaps are tested in 
Models 2, 5, 8 and 11; and 10m gaps in Models 3, 6, 9 and 10. Model 13 is completely isolated with 
no surrounding buildings (refer Section 5.4). 
 
Summary: Urban Form Variable 3 – Gap between Buildings 
Lower limit – 2m (10% of 20m wide subject property)  
Upper limit – 10m (50% of subject property) 
Increments – 2, 6 and 10m (1/10th, 1/3rd and 1/2 of subject property) 
 
 
 
5.2.4 Urban Form Variable 4 – Building Width 
A matter of building form linked to building separation is the width of the buildings themselves. To 
effectively light and ventilate a space naturally the floor-plate can only be so deep. Based on rules of 
thumb, it has been established that a building can be a maximum width of around 15m. But in what 
urban form circumstances? As established in Section 2.3, the potential for daylighting and wind-
forced ventilation is likely to be higher in an ‘uninterrupted’ environment. So do the rules of thumb 
still apply in a high density urban setting? How far can daylight and ventilation penetrate with only 
10, 5 or even 2m of gaps between buildings? 
 
Urban Form Variable 4 aims to determine exactly how deep a ‘passive floor-plate’ can be in varying 
urban forms. 
 
Using the 15m theoretical maximum building width as a starting point, a range of building widths in 
this vicinity are proposed for testing. Firstly the research tests the relationship of building width 
against void size. By subtract 
ing the intended 2, 6 and 10m 'gaps between buildings' from the 20m wide subject property, 
building widths of 18, 14 and 10m, respectively, are produced. This enables an investigation of 'built 
to void' relationships of 1:10, 3:10 and 1:1. In other words, NLA sacrifices of 10%, 30% and 50%. 
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From here the research develops tested scenarios from the restrictive 20m wide property 'starting 
point' to cover a wider range of building widths and void sizes. To do this it combines all identified 
gaps between buildings sizes (2, 6 and 10m) with all identified building widths (10, 14 and 18m). 
Furthermore, to enable a more detailed and insightful analysis, two more building widths of 12 and 
16m are added, meaning building widths are tested at 2m increments (10, 12, 14, 16 and 18m). This 
results in scenarios ranging from 12m (10m building with 2m gap) up to 28m (18m building with 10m 
gap). This method enables a more comprehensive investigation of built-to-void ratios; and makes 
findings applicable to a wider range of properties than just a standardized 20m wide plot. Figure 5.8 
illustrates how building width ranges from 10-18m and the gap between it and adjacent buildings 
ranges from 2-10m, all in 2m increments. 
 
Each of the five building widths are tested in Models 1-9 and 13 (isolated). Model 0 tests a building 
width of 20m, as this is the non-passive baseline assumed to be 100% of the 20m wide property 
width. Models 10, 11 and 12 test building widths of 10m, 14m and 18m respectively, in accordance 
with the lowest, middle and highest density investigation explained in ‘Section 5.2.2 – Road Width’. 
 
 
Figure 5.8. Example of ranging gaps between buildings being applied to all tested building widths. (Author). 
 
 
Summary: Urban Form Variable 4 – Building Width 
Lower limit – 10m (50% of 20m wide subject property)  
Upper limit – 18m (90% of 20m wide subject property) 
Increments – 10, 12, 14, 16 and 18m (every 2m) 
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5.2.5 Urban Form Variable 5 – Continuous Frontage Height 
‘Section 3.3.2.2.1 – Building Setback and Continuity’ of the CCPo states the Ground and First floors of 
all buildings in the CCB are to be built to 100% of the property width (refer Figure 5.9) (Christchurch 
City Council, 2013). This requirement has two purposes: 
1) Security. Alleyways can be targeted for unlawful access to buildings, tagging and other 
criminal activity. Continuous frontage eliminates the opportunity for these kinds of activity. 
2) ‘Well defined street edge’. Continuous facades create a distinct urban canyon form and give 
substance to a strengthened urban structure (Rowland & Moor, 2006).  
 
These matters cannot be ignored. Security issues associated with dark lanes was identified as a 
potential barrier during dissemination of the pilot study. Additionally, a ‘well defined street edge’ is 
targeted by the CCC under their ‘Stronger Built Identity’ initiative, as discussed in Chapter 2. For 
these reasons continuous frontage is retained on the Ground floor in the proposed urban form 
scenarios. However, to maximize passive effect, the research proposes the 100% built width rule 
only be applied to the ground floor, to enable the first floor access to daylight and fresh air. Figure 
5.9 illustrates this proposed alteration to the continuous frontage requirement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Summary: Urban Form Variable 5 – Continuous Frontage Height 
Lower limit – 1 level (proposed minimum)  
Upper limit – 2 levels (current CCPo minimum)  
Increments – no other (1 and 2 levels) 
 
 
 
 
Figure 5.9. Continuous Frontage requirement in the CCB and the proposed change. (Author). 
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5.3 Development of the Christchurch Models 
Section 5.3 describes how the computer models of each scenario were developed from the property 
type analysis in Section 5.1 to incorporate the urban form variables identified in the previous Section 
5.2. To do this two scenarios are used. Firstly, ‘Model 0’ (baseline scenario – non-passive) 
demonstrates the development process in full. Then ‘Model 1’ is used to demonstrate how urban 
form changes to the baseline were made. The method used for Model 1 is identical for all following 
Models (2-13), and so does not need to be repeated. 
 
5.3.1 Development of the Baseline (Model 0) 
Figure 5.10 (3D version of Figure 5.10) depicts the urban form of the entire baseline scenario (2 CCB 
Blocks) - labelled ‘Model 0’. ‘Model 0’ was developed to represent Christchurch’s urban form prior to 
the earthquakes and the likely form it will reassume if urban planning laws remain unchanged. This 
urban form is four storeys tall (refer Section 5.2.3) and built up to 100% of the property width and 
length. The model displayed in Figure 5.10 also represents the geometry that was used in CFD 
analysis software UrbaWind to generate the wind pressure coefficient data for Model 0. 
 
 
Figure 5.10. Final ‘Model 0’ urban form. (Author). 
 
Figure 5.11 focuses on the North-facing subject building (green), which is located in the centre of the 
southern block. This location was selected as it represents the most ‘enclosed’ position in the block, 
meaning it has the most restricted access to sun and wind pressures, and represents the worst-case 
scenario. 
 
 
Figure 5.11. Subject building in centre of ‘Model 0’ urban form. 
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Figure 5.12 presents the OpenStudio/EnergyPlus version of the Model 0 baseline scenario. It shows 
the shading devices (purple surfaces) used to immitate the urban form surrounding the subject 
building. Shading surfaces were positioned adjacent to each of the subject buildings south, east and 
west walls to replicate the party-wall conditions seen in reality. For context, Figure 5.12 includes 
neighbouring buildings to better illustrate the neighbouring buildings represented by the purple 
shading devices. A large (60m long) shading surface is located to the North of the building 
representing the building frontage of three 20m wide buildings on the opposite side of the street. 
Horizontal shading devices have also been positioned along the top of the Ground floor (4m above 
street level) to represent Verandas, in accordance with the CCPo (Christchurch City Council, 2010). 
 
 
Figure 5.12. Model 0 (baseline) built in OpenStudio for energy analysis in EnergyPlus 
Figure 5.13 presents the Ecotect model which is then simulated and analysed in Daysim. This model 
is identical to the OpenStudio/EnergyPlus model in Figure 5.12.  
Only the single representative level and analysis grid is modelled and simulated for daylight, as 
discussed in Section 4.2.1.7. Illuminance levels calculated for this zone (Level 3) were also assumed 
for Levels 2 and 4. Shading devices are not required along the side walls to represent neighbouring 
buildings, as only daylight data is taken from this model; solar gains and thermal interactions 
through these walls are irrelevant. All building design settings and inputs (e.g. materiality, WWR, 
etc.) for both the EnergyPlus and Daysim models are defined in Section 5.4.1 (Table 5.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13. Model 0 (baseline) built in Ecotect for daylight analysis in Daysim 
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5.3.2 Development of Proposed Urban Form Variation Models (Model 1) 
Figure 5.14 illustrates the full urban form of ‘Model 1’, which embodies the first urban form change 
of a 2m ‘gap between buildings’ (1m gap between either side of the building and the property 
boundary). Apart from this variation, the model remains exactly the same as the Baseline to 
maintain comparability. As with the baseline, the model shown here represents the geometry 
exported to UrbaWind for wind pressure coefficient data. 
 
 
Figure 5.14. Full Model 1 urban form. 
 
Figure 5.15 again focuses on the North-facing subject building (green). It shows how the width of the 
upper floors of the building have been reduced by 1m (either side) down to 18m to provide a 2m gap 
between it and its neighbouring building on both sides. It is these gaps that are intended as the 
mechanism to deliver daylight and fresh air to internal building spaces. The Ground floor however 
remains built to the full 100% of the 20m property width to retain continuous frontage. 
 
 
Figure 5.15. Altered subject building in centre of Model 1 urban form. 
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Figure 5.16 translates the full urban form scenario into an EnergyPlus model. It shows how the 
shading devices along the sides (east and west) of the building have also been set back from the 
property boundary by 1m (on either side) to represent the 2m gap between buildings. Two more 
shading surfaces are applied to the side facades of the Ground floor so that no solar gains can occur 
through those walls (as would be the case if their was continuous frontage along the Ground floor. 
The shading surfaces representing the veranda and buildings on the far side of the road remain 
unchanged. 
 
 
Figure 5.16. Model 1 built in OpenStudio for energy analysis in EnergyPlus. 
 
Just with the baseline scenario, Model 1 is built identically for daylight analysis as it is for energy 
analysis. Figure 5.17 shows the same modifications to the building width and shading positioning 
along the sides of the building, but no changes to anything else. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17. Christchurch Model 1 built in Ecotect for daylight analysis in Daysim. 
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5.4 The Urban Form Models 
Section 5.4 presents each of the 14 final ‘Urban Form Models’ used for testing in the Urban Form 
investigation part of this research. Illustrations of the models include a summary of the urban form 
variables that characterize that scenario. Section 5.4.1 establishes the building design inputs 
constant across each of the Christchurch Models.  
 
Model 0 (Baseline) 
 
 
Figure 5.18. Model 0 (baseline) 
 
 
Model 1 
 
 
Figure 5.19. Model 1 
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Model 2 
 
 
Figure 5.20. Model 2 
 
Model 3 
 
 
Figure 5.21. Model 3 
 
Model 4 
 
 
Figure 5.22. Model 4 
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Model 5 
 
 
Figure 5.23. Model 5 
 
 
Model 6 
 
 
Figure 5.24. Model 6 
 
 
Model 7 
 
 
Figure 5.25. Model 7 
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Model 8 
 
 
Figure 5.26. Model 8 
 
 
Model 9 
 
 
Figure 5.27. Model 9 
 
 
Model 10 
 
 
Figure 5.28. Model 10 
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Model 11 
 
 
Figure 5.29. Model 11 
 
 
Model 12 
 
 
Figure 5.30. Model 12 
 
 
Model 13 (Isolated) 
 
 
Figure 5.31. Model 13 
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5.4.1 Non-Urban Form Model Parameters 
The Models presented above test a single isolated urban form variable in each scenario. In terms of 
the design of the building itself, they all consist of identical and constant parameters, based on 
Building Code minimums, relevant published standards and literature (refer Table 5.2). Minimum 
design standards were used to produce legal, and therefore feasible, buildings that were not 
complex or expensive- ensuring the focus remained on urban form, and emphasizing that urban 
forms effect on performance does not require advanced building design. Building design parameters 
are investigated in depth in the following ‘Chapter 6 – Parametric Investigation of Passive Building 
Design’. 
 
 
Table 5.2. Building design specifications and inputs for ‘test building’ in Urban Form investigation. 
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Chapter 6: Parametric Investigation of Passive Building Design 
 
Chapter 6 continues the parametric investigation conducted in Chapter 5, but with focus on building 
design. It aims to determine how much more building performance can be improved, from the basic 
design used in Chapter 5, through more detailed design of the building envelope. Section 6.1 
explains the parametric methodology used for this ‘Building Design’ investigation and how it fits into 
the overall study. Sections 6.2 and 6.3 identify and discuss the ‘Daylighting Design’ variables and 
'Thermal and Ventilation Design' variables that will be tested in the ‘Building Design’ investigation.  
  
 
 
6.1 The ‘Building Design’ Parametric Set-up 
This section describes the parametric 'Building Design' methodology used and how it was split into 
its two parts: ‘Daylighting Design’ and ‘Ventilation and Thermal Design’, with an accompanying 
diagram in Figure 6.1. 
 
Daylighting Design 
The first part of the Building Design investigation – Daylighting Design – takes the Urban Form 
scenario which produced the best energy performance results in terms of EUI (refer Section 7.1.1) 
and attempts to further develop its efficiency.  
Daylighting Design variables and variations (Section 6.2) are tested parametrically and manually. 
Three Daylighting design features/variables with potential to improve daylight performance, and 
three variations of each, are identified and discussed. Each variation is isolated during testing to 
ensure results are clear and conclusive. This method will require 27 (3 x 3 x 3) Daylighting Design 
scenarios to be built and simulated in both Daysim (daylight performance) and then EnergyPlus 
(energy performance). As modelling is done manually, scenarios needed to be limited. Three 
variations of each variable enables patterns to be identified, and so is considerably more informative 
than two variations.  Any more than this (e.g. 4 variations) would incur a substantial increase in 
models (4 x 4 x 4 = 64) but provide little more opportunity for analysis. Each of the 27 ‘Daylighting 
Designs’ will then be compared against each other and the original Daylighting Design scenario to 
see which combination of variables produced the most energy efficient building. The best 
Daylighting Design will then be taken forward to the 'Ventilation and Thermal Design’ stage for 
further development. 
 
Ventilation and Thermal Design 
The second part of the Building Design investigation – Ventilation and Thermal Design – takes the 
best Daylighting Design scenario (in terms of EUI) and attempts to further develop its efficiency.  
Ventilation and Thermal Design variables (four) and variations (four of each variable) (Section 6.3), 
unlike Daylighting Design variables, are ‘optimized’ automatically using GenOpt. GenOpt alters user-
defined design parameters of the EnergyPlus model until an ‘optimum’ solution is found. This 
optimum solution is defined by a ‘cost-function’, in this case- Total Energy Consumption 
(Lights+Heating+Cooling+Fans). The benefit of GenOpt is that not all combinations (potentially up to 
4 x 4 x 4 x 4 = 256) need to be tested in a traditional parametric manner. GenOpt’s algorithms 
identify which variables have the most positive impact on reducing energy consumption, and focuses 
on those parameters first (Wetter, 2008). This more direct, automated route to the solution enabled 
a much more efficient process than the manually conducted Daylight Design investigation- which 
consisted of fewer variables. GenOpt's use is possible here because Ventilation and Thermal Designs 
do not affect daylight, meaning Daysim did not have to be integrated for simulations and the 
conventional GenOpt with EnergyPlus optimisation process could be used. 
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Ventilation and Thermal designs are applied only to the best Daylighting Design scenario as it has the 
highest potential for total energy savings. The 'optimized' design resulting from this procedure is the 
final product of the study and represents the best urban form plus passive design scenario for 
building performance. Analysis and results are presented in Chapter 7 following. 
 
Technically, this research does not develop a true ‘optimum’ solution which varies non-discrete, 
variables continuously along a linear scale until performance cannot be improved any further. The 
parametric style employed here tests only a range of predefined, discrete variables which cannot 
reach the same degree of inquisition. However, the term ‘optimized’ is used to indicate the optimum 
solution of those scenarios tested has been reached- offering an element of finality. 
 
 
Figure 6.1. Flow-chart illustrating the ‘Building Design’ parametric investigation process. (Author).  
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6.2 Parameterization - Daylighting Design Variables Tested 
This section identifies significant Daylighting Design variables and, using relevant publications and 
standards, determines a range of variations to be tested parametrically. 
 
6.2.1 Daylighting Design Variable 1 – Window to Wall Ratio (WWR) 
WWR represents a windows size in relation to its parent wall surface, e.g. a WWR of 0.5 would 
signify a wall or façade that consists of 50% glazing (refer Figure 6.2). The sizing of glazed areas is of 
particular importance in daylighting and passive design. Larger WWR's offer better potential for 
daylighting, but also increase chances of solar gains (heat energy). In office buildings, overheating 
due to high occupant and equipment densities is already an issue and can be exacerbated when 
solar heat is added in an attempt to daylight.  
Determining an appropriate WWR depends on factors like climate which can affect the amount of 
solar light and heat available to the building. Studies by Johnson et al. (1984) and Tian et al. (2008) 
attempted to determine the most effective aperture size for an office building in a moderately cold 
climate. In terms of effect on daylighting and thermal performance, they both found that a WWR of 
0.4 was the most effective. A similar study by Tzempelikos and Athienitis (2005) found that, with the 
addition of exterior shading systems, WWR of 50-60% were optimal. The maximum WWR allowed 
under the Compliance Method of NZS4243 – Energy Efficiency of Large Buildings is 50%. It is 
assumed that anything larger will be susceptible to excessive heat gain and/or heat loss (Department 
of Building and Housing, 2011). According to the literature, 50% appears to be a reasonable starting 
point for WWR, with smaller and larger ratios to also be tested. 
 
The report ‘Development of Building Regulations and Guidelines to Achieve Energy Efficiency’ aims 
to optimize window design for daylight, thermal comfort and energy performance. This study is 
particularly relevant as it tests WWR as a function of Height to Separation (H/S) ratio of buildings 
(TERI University, 2010), similar to the aspect ratio considerations of this research. It found the 
minimum WWR that could possibly daylight a building was 20%, regardless of surrounding urban 
form. 
 
In terms of maximum window sizes the same report states that the taller and closer buildings are, 
the larger WWR will need to be to deliver adequate light levels (TERI University, 2010). While this 
may point to glazed curtain walls as an option for daylighting, this style is particularly susceptible to 
heat transfers through the low resistance envelope. The study ‘Design sequence for diffuse daylight’ 
by LoVerso and Reinhart (2010) states that if a space requires  a WWR of more than 80%, then 
daylighting design, or even the use of daylighting, should be reconsidered. LoVerso and Reinhart also 
define an 80% WWR as the maximum realistic window size when considering ceiling space required 
by services and structure. 
 
Based on the literature, minimum and maximum WWR limits for energy efficiency appear to be 20% 
and 80% respectively. This study adopted these values but alters them slightly to become 25% and 
75%. This enables a more systematic investigation of glazing areas as one quarter increments of the 
wall area- 25, 50 and 75% (refer Figure 6.2). 
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Figure 6.2. Window to Wall Ratios tested - starting (50%); minimum (25%); and maximum (75%). (Author). 
 
Best practice design of windows intended for daylighting is to install the window as high as possible 
on the wall to maximize daylight penetration (National Institue of Building Sciences, 2012). 
Therefore, in all cases, the window head will be placed 200mm below the ceiling height (2.8m above 
floor level) to allow for construction components like top-plates. 
 
Windows are continuous for the full length of the façade to maximize daylight uniformity. While 
some people prefer personal office spaces, internal partitioning walls would be detrimental to 
daylighting and natural ventilation and are not prioritized in the design of windows. 
 
‘Effective glazed area' is determined at 0.8 in EnergyPlus to account for the window framing area, 
which can block a significant amount of daylight from entering the space (refer Figure 6.3). 
 
 
 
 
 
 
 
 
 
 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
91 
Tavis Creswell-Wells, 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. Window size and glazing to frame ratio assumed for modelling. 
 
 
Summary: Daylighting Design Variable 1 – Window to Wall Ratio 
Lower limit – 0.25  
Upper limit – 0.75 
Increments – every 0.25 (25%, 50% and 75%) 
 
 
6.2.2 Daylighting Design Variable 2 – Glazing Type 
The material properties of glass can have a substantial effect on the amount of solar energy – light 
and heat – that enters a building envelope. Studies have shown that the selection of glazing alone 
can affect energy consumption by up to 15% (Beltran, et al., 2012). There are three predominant 
material properties that define a glazing type- Visible Light Transmittance (VLT), Solar Heat Gain 
Coefficient (SHGC) and Thermal Resistance (U-Factor) (refer Figure 6.4). Following is an explanation 
of each of these material properties, how it affects solar energy, and a determination of suitable 
values to be used in testing. 
 
Importantly, glazing types cannot be treated in the same manner as other variables in parametric 
testing. For example, WWR can simply be increased or decreased along a linear scale between 0 and 
1. Glazing type on the other hand consists of further internal parameters (material properties) which 
influence each other. For example- glass with a high VLT (allows most of light through) is likely to 
have low SHGC and U-Factors (thermal properties) because it also allows most of the heat energy 
through. 
 
If the three material properties were tested separately from one another, the resulting ideal glass 
(for an office situation) would have a high VLT, high SHGC and low U-value as this would maximize 
light transmittance but minimize heat transfer. However, because these properties are physically 
entwined, this glass specification is not possible. Therefore, to test which property is the most 
influential in the selection of glazing, three glazing types will be selected, each prioritizing one of the 
three material properties. 
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6.2.2.1 Visible Light Transmittance (VLT) 
‘Visible Light Transmittance’ (VLT) (also known as Visible Transmission or Tvis) of glass represents the 
percentage of a light-wave that is allowed to pass through. A VLT value of 0.9 (about maximum) 
signifies clear glass which will allow 90% of light that strikes it to pass through, while the other 10% 
is reflected and absorbed (refer Figure 6.5). The more light transmitted by the glass, the better the 
daylighting potential. Figure 6.4 indicates how, as the VLT of the glass increases, so too does the 
depth of daylight penetration.  
 
 
Figure 6.4. Relationship between VLT and depth of daylight penetrations. (Metro GlassTech, 2006). 
 
 
There is no default or recommended VLT value for daylight and energy modelling in the NZBC. 
‘ASHRAE Standard 90.1:2004 – Energy Standard for Buildings Except Low-Rise Residential Buildings’ 
(2004) recommends the minimum VLT for a clear, single glazed window should be 0.76. However, 
because this is only a minimum value and because the daylighting design goal is to maximize daylight 
delivery, a high VLT value is sought. To do this, the 'Metro GlassTech' glazing/window database was 
used. Using manufacturers’ data from a New Zealand based supplier means selections are readily 
available in New Zealand and therefore more feasible in the Christchurch rebuild. The highest VLT 
value glazing in the Metro GlassTech database is ‘Starphire Low Iron’, 5mm at a VLT of 0.91.  
However, standard 4mm clear glass possesses a VLT of 0.9, essentially the same. Considering this, 
clear glass is selected as the high VLT product as it enables a comparison of the cheapest, most 
simple glazing option against other more expensive glasses. 
 
Therefore, to test the VLT material property and the simplest glazing option, ‘Glazing Type 1’ will 
be clear glass with a VLT value of 0.9. 
 
 
6.2.2.2 Solar Heat Gain Coefficient (SHGC) 
Solar Heat Gain Coefficient (SHGC), or ‘Solar Factor’, is “The measure of the total solar energy 
transmittance (direct solar beam; absorbed and radiated through glass) entering a building through 
the glazing as heat. The lower SHGC the better the glass restricts heat energy transmission.” (Metro 
GlassTech, 2006). Solar heat gain can account for up to 50% of mechanical cooling loads in a cooling-
dominated office building (Lam & Li, 1999), so a balance between daylight and thermal factors is 
required. The SHGC glazing property enables some control over the amount of solar heat entering 
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through fenestrations. The maximum SHGC (least shading effect) must be 0.86 as this is the value 
associated with Glazing Type 1 – Clear glass. This glazing type prioritizes daylight transmission and 
has little solar shading effect. 
The minimum permissible SHGC value can also be determined as a function of VLT. As identified in 
the previous section, the minimum VLT that should be specified for a daylighting window is 0.76 
(ASHRAE, 2004). The Metro GlassTech glazing type that best meets this criteria is a single-glazed, 
green tinted glass (VLT 0.77), which has a corresponding SHGC value of 0.61 (Metro GlassTech, 
2006).   
 
To test the SHGC material property, ‘Glazing Type 2’ will be tinted glass with a SHGC value of 0.61. 
 
 
 
6.2.2.3 Thermal Resistance (U-Factor) 
Just as thermal resistance (insulation) is important in a building’s roof and walls, glazing areas also 
affect the thermal performance of a space. While SHGC concerns specifically the solar energy 
entering through an aperture, U-factor concerns glazing’s ability to retain heat escaping from the 
space, as well as incoming heat transfer. A U-factor is the inverse (x/1) of an R-value. 
 
The U-Factor for Glazing Types 1 and 2 are U-5.91 and U-5.88, respectively. These values are 
determined based on the VLT and SHGC values of those particular glazing’s. Both these U-factors are 
high, which indicates poor resistance to heat flow.  
 
A common window type which aims to increase thermal resistance is a double glazing unit (DGU), 
which is simply two layers of glass separated by a small (around 10mm) air–filled cavity. If the air in 
the cavity is replaced with a higher density, low conduction gas such as argon or krypton it improves 
the windows overall thermal resistance capacity and is known as an Insulated Glazing Unit (IGU). 
Standard double glazing typically improves a window’s U-factor by 15%; whereas IGU’s can improve 
it by up to 27% (Glass Technology, 2013). Often included in an IGU is a Low-E (low emissivity) 
coating, which helps to reduce heat transfer across the window with minimal impact on 
translucency.  
 
The lowest U-factor window in the Metro GlassTech database was U-1.6 (R-0.63). This is equal to 
half the thermal resistance offered by a standard wall built with minimum code insulation and is the 
selected U-Factor glazing type.  
 
To test U-Factor, ‘Glazing Type 3’ will be a Low-E, IGU window with a U-factor value of 1.6 (R-0.63). 
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Summary: Daylighting Design Variable 2 – Glazing Type 
 
 
 
 
 
Figure 6.5. Diagram illustrating the three subject glazing properties (VLT, SHGC and U-Factor) in the form of the Low-E 
IGU 'Glazing Type 3'.  Adapted from (Metro GlassTech, 2006). 
Table 6.1. Summary of Glazing Types tested and their values for the key material properties. 
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6.2.3 Daylighting Design Variable 3 – Solar Shading 
Solar shading involves an array of surfaces, or devices, to protect the building envelope – particularly 
fenestrations – from direct sunlight. The purpose of shading devices is to limit unwanted solar heat 
entering internal spaces. Shading devices have been demonstrated to reduce energy consumption in 
office buildings by between 8% and 20% depending on the orientation of the façade (Bellia, et al., 
2013) and (Nielsen, et al., 2011). Examples of solar shading are overhangs, louvers and fins, 
meshes/grates, and internal blinds (refer Figure 6.6). 
 
 
 
A common method of eliminating excess sun and daylight (over-exposure or glare) from office 
spaces is internal blinds. Blinds are popular because they give occupants control over their visual 
environment- adjusting them as required. However, this is also the reason why they are undesirable 
in a situation where daylight is intended as the primary lighting method.  
Preference of some occupants may not coincide with daylighting design settings and tampering with 
blinds could disturb the daylighting system (Meek, 2013). Furthermore, blinds are not effective 
barriers to solar heat gains because they are inside the building’s thermal envelope, meaning heat is 
already inside the space before it is addressed. External systems are preferred because they prevent 
solar heat reaching the envelope; and because they cannot be unwisely adjusted by occupants. 
 
Of the external shading options presented above, overhangs are selected for investigation in this 
study. The research aims to investigate and analyse shading as a function of WWR. Sizes of 
overhangs, which are monolithic surfaces, can be simply derived as a percentage of the window 
height, enabling an analysis of the relationship between shading size to window size that would not 
be possible with multiple surface louvers or fins. 
 
The WWR’s tested (25, 50 and 75% of a 3m tall wall) equate to glazed heights of 750, 1,500 and 
2,250mm, respectively. Based on this, overhang sizes tested were 750mm and 1,500mm. 2,250mm 
was omitted as this would be an unrealistically large overhang.  
‘No overhang’ (0mm) was also tested and is specified for the ‘basic building design’ used in the 
urban form investigation (refer Figure 6.7). The relationship between each of these overhang depths 
in relation to window size is presented in Table 6.2. 
Figure 6.6. Examples of shading systems and how they address direct sunlight. (Author). 
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Figure 6.7. Illustration of overhang depths tested in the study, in relation to window size. (Author). 
 
 
Table 6.2. Overhang depth to Window height ratio 
 
Summary: Daylighting Design Variable 3 – Solar Shading 
Lower limit – 0 (No overhang) 
Upper limit – 1.5m overhang  
Increments – every 0.75m  
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6.3 Parameterization – Ventilation and Thermal Design Variables Tested 
As with Daylighting Design, this section identifies significant Ventilation and Thermal Design 
parameters and variables. 
  
 
6.3.1 Ventilation and Thermal Design Variable 1 – Construction Type 
The structure or construction of a building can influence its reaction to outdoor temperature swings 
and regulate indoor temperatures. There are three predominant construction types in New Zealand- 
concrete, timber and steel (BRANZ, 2012). Concrete is a ‘thermal mass’ which is often used in 
residential settings to heat spaces in the evening using solar energy gathered during the day. Using 
concrete as a passive heat source is not beneficial in office buildings where overheating is an issue, 
but its ‘thermal inertia’ qualities can be useful. ‘Thermal Inertia’ is the ability (for a material) to resist 
temperature change. A building made with material of high thermal inertia, like concrete, will have 
slower and less severe temperature fluctuations than other materials like timber or steel (Reardon, 
2013). This ‘regulation’ of internal temperatures thermal inertia provides means less heating or 
cooling energy is required when outdoor temperatures change (refer Figure 6.8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Timber does not have the thermal inertia qualities of concrete but does possess many other 
attributes. Economically, timber is a feasible option as it is grown locally meaning it is abundant and 
affordable. Environmentally, timber boasts a ‘negative embodied carbon’ rating, meaning it absorbs 
carbon from the environment, rather than creating it like manufacturing concrete does. Since the 
Christchurch earthquakes, timber has also gained favour due to its structural flexibility and 
lightweight nature. While it is not expected to perform as well as concrete, timber has a strong 
presence in New Zealand's construction industry and will be tested to determine how it compares to 
concrete. For modelling, the timber structural system uses 90x70mm framing according to Table 8.2 
of NZS3604.  
 
Figure 6.8. Graph indicating the thermal inertia effect building materiality has on temperature. 
Adapted from (Reardon, 2013). 
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Another Construction Type consideration is the location of the insulation. The thermal inertia 
benefits of concrete are maximized when insulation is applied to its exterior, as this encapsulates the 
thermal mass within the thermal envelope. Positioning insulation on the inside of the walls is a 
cheaper option but effectively rejects the thermal inertia qualities of concrete construction. For 
timber construction, insulation is located within the framing cavity as usual. 
 
Floor-plates offer more potential for thermal inertia than walls do as they provide larger volumes 
(Gratia & De Herde, 2003). For this reason, not only construction of the thermal envelope is 
considered. The ‘optimization’ process was set-up so that when roof and wall construction type 
changed, the inter-floor ceilings/floors were also changed to reflect the envelope construction. This 
process ensured that the entire building consisted of the same construction type (i.e. all concrete; 
or, all timber). 
 
Steel framing is not considered as it possesses none of concrete or timber's sustainable benefits. 
 
EnergyPlus construction definitions for each Construction Type can be found in Appendix B.5. 
 
Summary: Ventilation and Thermal Design Variable 1 – Construction Type 
Construction Type 1 – Concrete, with insulation inside 
Construction Type 2 – Concrete, with insulation outside 
Construction Type 3 – Timber, with insulation in framing cavity 
 
 
 
 
6.3.2 Ventilation and Thermal Design Variable 2 – Roof Insulation Level 
Insulation is employed as a barrier to heat transfer through a buildings surface. Thermal resistance 
(R-value, W/m2.oC) is a rating of the effectiveness for a surface to limit the exchange of heat/coolth 
between internal spaces and the ambient environment. 
Studies have found that between 30 and 50% of thermal energy loss is attributed to air leakage and 
heat transfer through the building envelope (Honeywell, 2008). Although these studies were 
conducted in colder North American climates, they still illustrate the importance of the thermal 
envelope in thermal energy transfer between indoors and outdoors. 
The roof is a particularly important surface for heat transfer. Due to convective forces, heat from all 
levels of the building, rises through floor-plates and storeys to the top floor. If the roof is not 
sufficiently insulated, heat will continue to rise, and be lost. This is a significant point in residential 
situations where heat is a commodity but in office buildings, where over-heating is common, heat 
losses may be encouraged. However, heat does not only pass through the roof surface from the 
inside-out. The roof is also exposed to solar radiation, which can cause a dark coloured roof to reach 
temperatures of 80oC in summer, even in temperate climates (Castelton, et al., 2010). This exposure 
can cause significant heat gains if the roof section is not constructed to limit it. Both of these heating 
processes (convection and solar radiation) often result in the top floor experiencing hotter (and 
colder) temperatures than the rest of the building. Figure 6.9 illustrates these two heating processes 
and how insulation helps to mitigate heat transfer through the roof surface. 
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Figure 6.9. Insulated vs Uninsulated scenarios and the effect on thermal energy transfer. (Author). 
 
 
‘NZS4243.1:2007 – Energy Efficiency in Large Buildings’ states the minimum average roof insulation 
should be R-1.9 for Climate zone 3 (Christchurch) (Department of Building and Housing, 2011). This 
value will therefore be set for all buildings in the testing of Urban Form scenarios; and as the starting 
point for the building design 'optimization' process. Double (R-3.8) and triple (R-5.7) this value will 
also be tested to determine what level of insulation produces best thermal and energy performance. 
Zero insulation will also be trialled to determine whether insulation is in fact necessary. 
 
Summary: Ventilation and Thermal Design Variable 2 – Roof Insulation Level 
Lower limit – R-0 (No insulation) 
Upper limit – R-5.7 (3x code minimum) 
Increments – R-0; R-1.9 (NZBC minimum for roofs in climate zone 3); R-3.8 (2x code); R-5.7 (3x code) 
 
 
6.3.3 Ventilation and Thermal Design Variable 3 – Wall Insulation Level 
Wall insulation is important for the same reason as roof insulation but not as significant in effect 
because walls are not subject to the same extent of convection and solar radiation as the roof 
surface. NZS4243.1:2007 requires minimum insulation for walls in Climate Zone 3 to be R-1.2, which 
will be applied for all urban form models; and as the starting point for building design ‘optimization’.  
Again, double (R-2.4), triple (R-3.6) this minimum, and R-0 will also be tested. 
 
Summary: Ventilation and Thermal Design Variable 3– Wall Insulation Level 
Lower limit – R-0 (No insulation) 
Upper limit – R-3.6 (3x code minimum) 
Increments – R-0; R-1.2 (NZBC minimum for walls in climate zone 3); R-2.4 (2x code); R-3.6 (3x code) 
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6.3.4 Ventilation and Thermal Design Variable 4 – Openable Window Area 
As explained in Section 2.3.4 the ventilation method used in this study is wind-driven cross 
ventilation. Therefore, because windows are the delivery mechanism of outdoor fresh air in this 
ventilation system, their sizing is critical to ventilation effectiveness. 
To determine the area of glazing that can be opened for venting – ‘openable window area’ – the 
‘Acceptable Solution’ of NZBC ‘Clause G4 - Ventilation’ was used. This states that ‘Natural ventilation 
of occupied spaces must be achieved by providing a net openable area of windows or other 
openings to the outside of no less than 5% of the floor area.’ (Department of Building and Housing, 
2011).  
 
Just like insulation levels, openable window area is tested at double (10% of floor area) and triple 
(15%) minimum code to enable more ventilation if air change rates are too low to meet the 
minimum required 0.84 ACH. The option of zero or no openable window area is again included to 
test all possible scenarios. This approach enables a systematic investigation of openable window 
area as a function of floor-plate depth (building length is constant at 50m); and comparable results. 
 
EnergyPlus describes the openable area of a venting window as a percentage of the ‘parent window’ 
glazed area (under the ‘Component: Detailed Opening’ object) (refer Section 4.3.2.1 for explanation 
of Airflow Network in EnergyPlus). This means the 0, 5, 10 and 15% of floor area values need to be 
converted into percentages of the glazed area (as seen in Table 6.3).  
 
As explained in Section 6.1, the Ventilation and Thermal parametric testing will only be conducted 
on the most energy efficient urban form model, which is not yet known. When this best performing 
model is determined at the conclusion of Section 7.1, openable window areas can be calculated 
based on 0, 5, 10 and 15% of that buildings floor area. These calculations can be found in Appendix 
B.4). 
 
Summary: Ventilation and Thermal Design Variable 5 – Window Openable Area 
Lower limit – 0 (No portion of the window can open for ventilation) 
Upper limit – 15% (3x code minimum = 15% of floor area) 
Increments – 0; 5% (NZBC minimum 5% of floor area); 10% (2x code); 15% (3x code) 
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6.3.5 Summary of Building Design Variables 
 
Table 6.3. Summary of Building Design Variables 
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Chapter 7: Results and Discussion 
 
Chapter 7 presents and discusses the results of the study. Section 7.1 addresses the effect the 
‘Urban Form’ changes had on building performance with comparisons to the baseline scenario. 
Section 7.2 then takes a selection of the urban form scenarios forward to the ‘Building Design’ 
investigation, to determine how far energy consumption can be reduced. Combined results from 
these two sections will determine the answer to the research question and whether the research 
aim was satisfied.  
 
 
7.1 Urban Form for Passive Buildings 
The effects of urban form on the performance of a simply designed passive office building are 
presented in the following sections. 
 
7.1.1 Urban Forms Effect on Energy 
Through comparison, this section reports energy consumption results of the urban form changes. 
 
7.1.1.1 Total Energy Consumption - EUI 
Using the Energy Use Intensity (EUI) metric explained in Section 4.1.1, urban form scenarios are 
tested for their energy consumption performance on a square meter basis - kWh/m2/year – enabling 
a comparison of scenarios despite varying building sizes. 
Figure 7.1 presents the EUI of each of the 54 urban form scenarios (including the baseline model) 
developed in Chapter 5. Thumbnail images of each scenario are included for visual context. This 
graph groups scenarios in sets of three, based on number of floors. Within building height grouping, 
gaps between buildings, then street width are varied systematically. This enables a comparison of 
any urban form change with similar scenarios and instantly conveys the effectiveness of each 
change. 
Figure 7.1 illustrates how energy consumption of the baseline scenarios (10-20m wide buildings) was 
between 128-136kWh/m2/year. Energy Consumption of all the passive scenarios, however, ranged 
from 68-81 kWh/m2/year. This is a minimum improvement of 37%, and as much as a 48% 
improvement in some corresponding scenarios. Following is a breakdown of the results according to 
the five Urban Form Parameters investigated.  
 
Urban Form Parameter 1: Building Height 
Height appears to have little effect on a building’s ability to perform passively and that shorter 
buildings do not necessarily perform more efficiently than taller buildings, as was expected.  
Models 1, 4 and 7 (2m gaps) are identical except for height (4, 6 and 8 floors respectively). 
Corresponding EUI’s for each of these Models range between 74-78, 78-79 and 80-81 kWh/m2/year, 
depending on building width. While there is a relative increase in energy as the building gets taller, 
this is only minimal, averaging 2kWh/m2/year difference between each building height. 
Models 2, 5 and 8 (6m gaps) are also identical except for height and experience even less variation in 
EUI, all between 68-73 kWh/m2/year. Conversely however, EUI’s do not increase with building 
height. Instead a reduction of energy (1kWh/m2/year average) is seen between the four level and 6 
level scenarios; then another 1kWh/m2/year average increase back up to the 8 level scenarios. 10m 
gap scenarios show a similar pattern but at even smaller quantities. These patterns and values 
indicate energy performance is not proportional to building height, and that effect is minimal. 
 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
104 
Tavis Creswell-Wells, 2014 
Urban Form Parameter 2: Road Width 
Street width also appears to have little or no effect on energy performance. The investigation into 
street width took the lowest, middle and highest density scenarios (Models 3, 5 and 7, respectively) 
and extended their streets from 20m to 30m, to create Models 10, 11 and 12. Figure 7.1 shows an 
infinitesimal difference of less than 1 kWh/m2/year in energy between 20m and 30m scenarios. 
These results indicate the current 20m road width is sufficient to provide the light and wind required 
for passive buildings, and that expanding streets to 30m wide would have no further benefit. 
 
Urban Form Parameter 3: Gaps between Buildings 
Gaps between buildings have a substantial effect on energy consumption. Model 1 is exactly 
identical to the Model 0 baseline- but with 2m gaps separating buildings along their length. This 
small alteration to urban form reduced energy consumption from 135 kWh/m2/year (Model 0, 18m 
wide) down to 78 kWh/m2/year (Model 1, 18m) - a profound 43% reduction.  
When compared to the Model 0 average EUI of 132kWh/m2/year, 2m gap scenarios enable an 
average energy reduction of 41% (based on an average EUI of 78kWh/m2/year); 6m gap scenarios 
enable a 47% reduction (average EUI of 70kWh/m2/year); and 10m gap scenarios enable an average 
energy reduction of 48% (average EUI of 69kWh/m2/year). Furthermore, the isolated Model 13 
performed at 71kWh/m2/year, a reduction of 46% – less than both the 6 and 10m gap scenarios.  
Two clear results can be drawn from these comparisons: firstly, gaps between buildings have a 
significant impact on energy efficiency; and secondly, a modest 6m gap is significantly more effective 
than 2m gaps and just as effective as larger gaps. 
 
Urban Form Parameter 4: Building Width 
Building Width returned mixed results. For most of the tested scenarios, there are no clear patterns 
defining energy efficiency as a function of depth. In an effort to gain insight into the effect of floor-
plate width, a comparison between the four-storey Models 1, 2, 3 and 13 can be made. As expected, 
EUIs increase proportionally as building width increases in Model 1. This is because the small 2m gap 
between buildings is not sufficient to supply a widening floor-plate with the required fresh air and 
daylight. In Model 2, EUIs are largely unchanging, suggesting a 6m gap is just as effective at 
delivering fresh air and daylight to an 18m wide building as it is to a 10m wide building. Conversely, 
Models 3 and 13 EUIs decrease as the building widens, indicating larger gaps are better equipped to 
sustain larger buildings. 
However, this pattern is not consistent across the other six and eight-storey scenarios. In most of 
these, EUIs begin to decrease as floor-plates start to widen (i.e. between 10-14m) but begin to rise 
again as widening continues (between 14-18m)- this can be seen in the gentle parabola-like shape of 
the data lines. This pattern is in line with the original rule-of-thumb based maximum floor-plate 
width of around 15m but is not clear enough to offer any further detail to this design guideline.  
 
Urban Form Parameter 5: Continuous Frontage 
No tests directly investigated the effect of continuous frontage height. However, considering the 
43% EUI reduction between Models 0 and 1 enabled by transforming 3 of the 4 ‘non-passive levels’ 
into ‘passive levels’, it can be assumed that only 2/3rds of those savings would be realized if 2 levels 
had remained continuous frontage (as would be required under current CCPo rules). 
Performance differences between the ‘non-passive’ continuous frontage ground level, and ‘passive’ 
upper-levels are better defined in the following section. 
 
Best and Worst EUIs 
The scenario that performed the ‘best’ in terms of Energy Intensity was Model 5 (12m wide) at 
67.8kWh/m2/year. The worst performer was Model 12 (18m wide), at 81.3kWh/m2/year. These two 
scenarios will be analysed in depth in the following ‘Energy End-use’ section. 
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Figure 7.1. Energy Use Intensities (EUIs) for each urban form scenario. 
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7.1.1.2 Energy End-use Breakdown 
To determine, in more detail, what effect the urban form changes had on indoor environment, an 
analysis of the energy end-uses was conducted. Energy end-uses – ‘lighting’, ‘heating’, ‘cooling’, 
‘fans’ (and ‘equipment’) - represent the building’s mechanical systems which use energy to modify 
the environment to maintain occupant comfort. 
 
Figure 7.2 presents the end-use proportions associated with Model 0. The proportions seen here are 
similar to those expected of a conventional New Zealand office building, as was presented in Figure 
1.2 (refer Section 1.1). A substantial dependency on cooling and lighting can be seen here- a result of 
the inability to utilize fresh air and daylight naturally. Conversely, Figure 7.3 illustrates the significant 
change in proportions of a passive building (Model 5, 12m wide). This graph shows the dramatic 
effect natural ventilation has on cooling loads, reducing them from 36% of the buildings 
consumption down to a mere 5%. Electric equipment loads (e.g. computers, printers, etc.), are 
unaltered from the baseline but now represent almost 2/3rds of the buildings energy consumption 
(initially 1/3rd). Daylight appears not to have been affected in this graphic but this is only because 
overall energy consumption has dropped as well, this is better portrayed in Figure 7.4. 
 
 
Figure 7.4 presents the absolute energy consumption (per end-use and storey) of the best and worst 
performing Models in terms of EUI (‘Model 5, 12m’; and ‘Model 12, 18m’ - refer Section 7.1.1) and 
density (‘Model 3, 10m’; and ‘Model 7, 18m’ - refer Section 7.1.2). It also includes the baseline 
‘Model 0, 20m’ for comparison. Energy consumption in the 20m wide baseline is based entirely on 
m2 rates so can be derived to kWh/m2 for comparison against other sized models. This sample is 
selected to represent the extreme scenarios of the study, providing a basis for development toward 
the lowest energy, highest density scenario that is the goal of this study. 
Here, a considerable difference can be seen between the non-passive baseline and the passive 
scenarios. As mentioned, the most prominent energy savings are to the ‘cooling’ loads, which are 
reduced to almost insignificant levels across all passive scenarios. For Model 0, the average HVAC 
cooling intensity (per floor) was 36kWh/m2/year; whereas the average for ‘Model 5, 12m’ was a 
mere 3kWh/m2/year – a considerable 92% reduction. The graph also illustrates how the lower 
density scenarios (Models 3 and 5) experience the lowest lighting energy loads, with ‘Model 5, 12m’ 
consuming at an intensity of 17kWh/m2/year, compared to 43 kWh/m2/year for Model 0 – a 60% 
reduction. 
Figure 7.2. Energy End-use Proportions – Baseline (20m) Figure 7.3. Energy End-use Proportions –Model 5 (12m) 
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Figure 7.4. Energy End-use Breakdown for Each Level of Selected Scenarios. 
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7.1.2 Urban Forms Effect on Density 
One of the major considerations of this research is the effect the porous urban forms have on 
density. Density is discussed and assessed here at two scales- Individual property and CCB 
 
7.1.2.1 Individual Properties Density 
To quantify an urban forms effect on individual property density, the ‘Plot Ratio’ metric was used. 
Plot ratio (total floor area / property area) describes the maximum amount of floor area that can be 
built on a property plot according to building height and separation rules of each urban form 
scenario. Figure 7.5 presents an example (Model 3, 10m) visualisation of how the calculation was 
made. Full plot ratio calculations can be found in Appendix B.1. 
 
 
Figure 7.5. Visualization (Model 3, 10m) of the Plot Ratio calculation for individual property density. 
 
Figure 7.6 presents the individual property Plot Ratio results.  Lowest EUI ‘Model 5, 12m’ is in fact 
the same Plot Ratio as Model 0 – 4.0. Three things have changed between these scenarios: 6m gaps 
between buildings have been inserted; two levels have been added; and energy consumption has 
been reduced by 48%. This change is possible with a simple rearrangement of the buildings 
geometry, retaining 100% of its NLA. It must also be acknowledged that this thinner but taller Model 
5 would incur greater capital expenses due to extra façade area. 
The highest EUI ‘Model 12, 18m’ and the highest Plot Ratio ‘Model 7, 18m’ have identical Plot Ratios 
of 7.2. However, because ‘Model 7, 18m’ includes 20m roads it is higher density overall. Road width 
is not considered in plot ratio calculations as it does not affect property size. Road width is 
considered in the CCB scale calculations following. 
The Lowest density ‘Model 3, 10m’ has a Plot Ratio of 2.0, half that of Model 0. While this seems 
excessive, it remains within the 50% NLA reductions that were argued as ‘acceptable’ in Section 
5.2.3.  Importantly, while Model 3, 10m is the lowest density, it is not the most energy efficient. This 
shows that energy and density are not necessarily proportional, and that higher density urban forms 
can in fact enable better building performance than low density urban forms. 
Highest Plot Ratio ‘Model 7, 18m’ exemplifies the benefits of a porous urban form. While it is one of 
the highest EUIs of the passive scenarios, it is still an improvement of 41% when compared to the 
non-passive baseline (135kWh/m2/year down to 80kWh/m2/year). 
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Figure 7.6. Plot Ratios (floor area / property area) for each Urban Form Scenario.
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7.1.2.2 CCB Density 
Density is also analysed from the CCB scale perspective. Increasing porosity through ‘passive urban 
forms’ would restrict floor area potential in the CCB.  Urban Forms must be assessed to determine 
whether they are capable of providing the 266,000m2 projected demand for office space (refer 
Section 2.3.4.1). This section calculates how many of the 40 hectares/15 CCB blocks are required to 
achieve the 266,000m2 demand for each urban form scenario. Figures are translated from hectares 
to ‘CCB blocks’ for context. A ‘CCB block’ is 110m (north-south) by 210m (east-west) including half 
the adjacent road. Figure 7.7 illustrates how the calculations were applied to each 20m property (full 
calculations can be found in Appendix B.2). 
 
 
Figure 7.7. Visualization of the CCB Block calculation for city scale density.  
 
Figure 7.8 shows that the best energy performing scenario ‘Model 5, 12m’ is of equal density to the 
energy intensive baseline and would require only 4 CCB Blocks to achieve the 266,000m2 projected 
demand for office space. The worst energy performing ‘Model 12, 18m’ could achieve the required 
floor area in only 2.4 blocks. 
The effect of road width on overall density can be seen in the difference between ‘Model 3, 10m’ 
and ‘Model 10, 10m’, the latter being expanded to 30m wide roads, requiring an extra 0.6 (8.0 up to 
8.6) blocks (over 1 hectare) to achieve the 266,000m2 demand.  
Highest density Model 7, 18m would only require 2.2 CCB blocks to achieve the required floor area. 
Figure 7.8 shows that all porous urban form scenarios easily provide the projected demand for office 
space within the 15 available CCB blocks. In fact, even the lowest density Model 10 would only cover 
57% (8.6 out of 14.9 blocks) of the CCB. 
 
Evidently, density at the CCB scale is not an issue. Increasing porosity of the urban fabric will still 
allow for both the projected demand for office space to be achieved following the rebuild; and 
continued growth in the future. At this scale there is no need for high density development, at the 
cost of building performance. 
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Figure 7.8. CCB Density (including streets) for each Urban Form Scenario
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
112 
Tavis Creswell-Wells, 2014 
7.1.3 Urban Forms Effect on Comfort 
While minimizing energy consumption is valuable (and the primary goal of this research) it becomes 
a pointless, even detrimental exercise if user comfort is adversely affected. Section 7.1.3 reports the 
comfort performance of the 59 urban form scenarios tested, breaking them down into the five 
environmental performance areas: temperature, air change rates, air speed, Daylight Autonomy and 
maximum Daylight Autonomy (refer Chapter 4).  
 
7.1.3.1 Environmental Performance Criteria 1 - Temperature 
Section 4.3.1.3 established the range of comfort for temperature as 18-25oC. Figures 7.9 and 7.10 
illustrates how the five selected scenarios performed thermally, with and without any mechanical 
assistance (HVAC). The stacked bar-graphs show the percentage of the occupied year (2,500 hours, 
refer Section 4.2.1.6) that each level of the building was ‘too cold’ (<18oC), ‘comfortable’ (18-25oC), 
or ‘too warm’ (>25oC).  
Figure 7.9 presents unconditioned thermal performance. Clearly, the poorly designed baseline 
(Model 0) is constantly over-heated (100% of occupied hours on upper floors), due to the sun, 
occupants and equipment. Because there are no windows to open, this over-heating can only be 
rectified with energy intensive, mechanical cooling, as was seen in Figure 7.4. 
Conversely, the four passive scenarios only overheat for an average of14% of the year, simply 
because they have the ability to release excess heat by opening windows. This comparison 
exemplifies the environmental benefits of naturally ventilation. Passive models are able to maintain 
a comfortable temperature for most of the occupied year without any HVAC assistance.  
 
 
Figure 7.9. Thermal conditions in selected urban forms without HVAC. 
 
When HVAC systems are applied (Figure 7.10), Model 0 is returned to comfortable temperatures, 
but at a significant energy cost. Furthermore, because the baseline was overheated so frequently, 
the mechanical cooling system is unable to satisfy cooling demand, leaving spaces still too hot for 
over 10% of the occupied year.  With HVAC the passive scenarios now satisfy thermal criteria for 
97% of the year on average. The remaining 3% of time where temperatures are still too warm could 
be resolved through further design development of the natural ventilation system (i.e. openable 
window sizes) which is addressed in the Building Design investigation reported in Section 7.2.  
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Figure 7.10. Thermal conditions in selected urban forms with HVAC 
 
Where Figures 7.9 and 7.10 reported uncomfortable times, Figure 7.11 presents degree of 
discomfort. This analysis shows that minimum, average and maximum temperatures of each level of 
the baseline scenario are all we above the 18-25oC comfort band, whereas passive scenario 
temperatures are much lower, the average always falling within the comfort band. 
Another clear pattern is that the top floor always experiences, by far, the hottest and coldest 
temperatures, up to 45oC. This pattern indicates more protection (e.g. more insulation) is required in 
the roof to control thermal transfer. Insulation levels and construction type of the crucial roof 
surface are investigated in ‘Ventilation and Thermal Design’, reported in Section 7.2. 
 
 
Figure 7.11. Minimum, average and maximum temperatures for selected scenarios. 
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7.1.3.2 Environmental Performance Criteria 2 – Air Change Rates 
Figure 7.12 presents the ability for urban form scenarios to satisfy the minimum ventilation 
requirement, of 0.84 air changes per hour (ACH) (refer Section 4.3.1.1), during the occupied year 
(refer Appendix B.3 for full calculations). Data is categorised as either: ‘insufficient’ (<0.84ACH), 
sufficient for ventilation’ (0.84-20ACH); or ‘sufficient for cooling’ (>20ACH). Model 0, which has no 
openable windows, is omitted from this natural ventilation analysis. 
 
Figure 7.12 shows that all passive scenarios and levels appear to deliver similar air change rates, 
achieving minimum ACH’s for between 44 and 62% of the year. It was expected that lower density 
scenarios (wider gaps, shorter buildings) would create greater exposure to wind pressures and 
propagate more ventilation, or higher ACH’s. Density of the urban form, however, does not appear 
to have much effect on natural ventilation with high density scenarios (Models 12 and 7) achieving 
minimum ACH’s for 59% of the year; and low density scenarios for 56% of the year. It appears that 
smaller 2 and 6m gaps, as well as taller buildings, are just as effective as wider 10m gaps, and shorter 
buildings. 
This is a promising finding as it indicates less prominent changes to urban form (i.e. smaller increases 
in porosity) are required to enable effective natural ventilation, than was previously thought. 
 
ACH’s of >20 only occur during a small percentage (<5%) of the year on some levels of the low 
density models. This does not appear to be an issue however, as natural temperatures within the 
passive models are already mostly ‘comfortable’ (18-25oC, refer Section 7.1.3.1), and so high air 
change rates are not required to cool further. 
 
These results indicate that given openable windows with at least 2m of void beyond, ventilation 
criteria will be satisfied for around 50% of the occupied year. These results can be improved as they 
are based on a window openable area of only 5% of the floor area, so there is room for 
improvement in the design (refer Section 7.2.2.2). 
 
 
Figure 7.12. Natural ventilation performance - Air change rates for each selected passive scenario. 
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7.1.3.3 Environmental Performance Criteria 3 – Air Speed 
Section 4.3.1.2 identified any air movement faster than 0.3m/s could cause discomfort or annoyance 
but also found that occupants tend to be more forgiving in naturally ventilated buildings, and would 
tolerate air speeds of up to 2.0m/s.  
Figure 7.13 illustrates how much of the occupied year air speeds were: ‘comfortable’ (<0.3m/s), 
‘tolerable’ (0.3 – 2.0m/s), or ‘too fast’ (>2.0m/s) for each of the selected passive scenarios. Results 
clearly show that at no point do any of the models experience excessive air speeds (>2.0 m/s). 
Lowest density Model 3 experiences the highest air speeds but even this is ‘comfortable’ for over 
90% (average) of the occupied year. Model 5 only reaches air speeds in excess of 0.3m/s on its top 
floor. These higher air speeds can be associated to the more extreme wind pressures present around 
the top of exposed (low density) buildings (refer Appendix D – UrbaWind Results). High density 
Models 7 and 12 do not experience air movement over 0.3 m/s. This was expected considering the 
low wind pressure differences associated with the high density urban forms. These results indicate 
natural ventilation would very little disturbance or discomfort to occupants through excessive air 
speeds. 
 
 
Figure 7.13. Natural ventilation performance - Air speed for each selected scenario 
 
 
7.1.3.4 Environmental Performance Criteria 4 – Daylight Autonomy (DA) 
Daylight Autonomy (DA) describes the percentage of the occupied year a point reaches the 400lx 
minimum threshold (refer Section 4.2.1.3). Figure 7.14 shows how the thinner floor plates and larger 
separation of buildings of Models 3 and 5 reach 400lx for up to 100% of the year (orange-yellow); 
and that larger, closer buildings struggle to reach 400lx for more than 10% (blue) of the occupied 
year. The flip-side of high DA values is that over-exposure is likely to be an issue (refer Section 
7.1.3.5). 
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Figure 7.14. Daylight Autonomy (DA) for selected scenarios presented on Ecotect analysis grids 
 
Beyond DA, this study also considers sDA (spatial Daylight Autonomy), which denotes the minimum 
coverage of space required to make daylighting feasible – in this case, 75% (refer Section 4.2.1.5).  
Figure 7.15 combines DA and sDA to determine the portion of space that DA criteria is achieved for. 
Hours which both DA and sDA criteria are met are tabulated and stacked as either ‘good’ or 
‘preferred’ daylighting. To be considered ‘good daylighting’, >75% of grid points must reach 400lx for 
at least 50% of the year. ‘Preferred daylighting’ is defined as >75% of grid points reaching 400lx for 
at least 75% of the year. Regardless of DA levels, if less than 75% of the space reaches 400lx, it will 
be considered poor daylighting and will not be tabulated, emphasizing how often the space is 
successfully day-lit. This sDA criteria (represented by the horizontal yellow line) addresses the point 
that daylighting is not successful if it does not cover the majority of the space.  
 
Figure 7.15 shows that daylighting in Models 12 and 7 is poor, only 21% of the spaces reaching 400lx. 
This illustrates how the high density urban forms do not allow enough daylight to penetrate the 
urban canyon and filter into the building spaces. The fact that results for these two scenarios are 
identical indicates that widening streets from 20m to 30m has no beneficial effect on daylight. 
100% of the space in Model 5 satisfies DA criteria. 50% of the space receives ‘good daylight’ (400lx 
for 50-75% of the year) and the other 50% receives ‘preferred daylight’ (400lx for >75% of the year). 
This is extremely good daylighting and explains the considerable electric lighting load reductions 
seen in Figure 7.4. 
Even more impressive are the results seen for Model 3, which show 100% of the space reaches 400lx 
for over 75% of the occupied year. This is the best possible result under the selected DA and sDA 
criteria. However, such strong daylight may be detrimental to the buildings overall performance as it 
could incur both glare and solar gains. It is likely, in fact, that it is this over-exposure that makes 
Model 3 less energy efficient than Model 5, which benefits from shading of direct sunlight by closer, 
taller buildings. 
 
These results support gaps between buildings as good mechanisms for delivering daylight. Further, 
they indicate 2m gaps are insufficient; 10m gaps are potentially too big, overexposing buildings; and 
that 6m gaps could provide sufficient access to daylight but useful shading from sunlight. 
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Figure 7.15. Daylight Autonomy (DA) and spatial Daylight Autonomy (sDA) performance for selected passive scenarios. 
 
7.1.3.5 Environmental Performance Criteria 5 – Maximum Daylight Autonomy (mDA) 
While high levels of daylight is beneficial for reducing artificial lighting loads, excessive light can 
cause glare and discomfort. The consequence of this is that daylight will likely be rejected through 
the use of blinds, and artificial lighting will be employed once again. Maximum Daylight Autonomy 
(mDA) tabulates instances when illuminances are greater than 4,000lx (refer Section 4.2.1.4). As with 
DA, mDA analysis includes a spatial factor. If over-exposure occurs for more than 1% of the year, on 
more than 5% of the space, glare is likely to be an issue.  
Figure 7.16 reports the percentage of space that mDA criteria are met for each scenario. In other 
words, the green (‘comfortable’) bars are times when over-exposure is not an issue. The yellow line 
represents the 95% spatial target. 
As mentioned in the previous DA section, the high daylight levels present in Model 3 would likely 
result in considerable over-exposure. Here, all of the space experiences illuminances greater than 
4,000lx for more than 1% of the year (>mDA 1%), meaning over-exposure is a substantial problem 
that could lead to occupants closing blinds permanently. 
Solar shading devices such as overhangs and louvers have been identified as options that could help 
to alleviate these over-exposure issues (refer Section 6.2.3) these results are presented in Section 
7.2.1.1. 
As discussed in the previous section, it appears that urban form can also offer shading benefits. 
Higher density Model 5, with its two extra floors and only 6m gaps, is markedly better than Model 3 
with 47% of the space avoiding glare. While this is still well below the performance criteria, it 
illustrates that the extra shading from surrounding buildings helps to limit exposure to direct 
sunlight – reducing glare issues and overheating even before specific shading devices are applied. 
Models 7 and 12 perform well in terms of mDA, both cases avoiding over-exposure across 80% of 
their spaces. However, while 80% is a good return, it is still a fail according to the established 
criteria. Furthermore, these two scenarios performed poorly in terms of DA so did not pass either DA 
or mDA daylighting criteria.  
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Figure 7.16. Maximum Daylight Autonomy (time and space over-exposure avoided) results for selected scenarios. 
 
As was discussed in Section 4.2.1.4, mDA criteria must be demanding otherwise glare will occur and 
occupants will become uncomfortable. Development of daylighting systems and, in particular, solar 
shading systems aim to improve mDA results presented here. The results of these and other Building 
Design changes are reported in the following section. 
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7.2 Building Design for Improved Passive Performance 
Section 7.1 demonstrated that the provision of a porous urban form and windows could improve a 
building’s energy performance by up to 48%.  The best urban form scenario - Model 5, 12m - was 
then taken and building design elements were tested to determine how much further performance 
could be improved- Section 7.2 presents these results. 
 
 
7.2.1 Building Designs Effect on Energy 
As with Urban Form, the effect of ‘Building Design’ is assessed for its effect on energy. This 
investigation is only applied to ‘Model 5, 12m’ as it represents the highest potential for energy 
savings. Energy performance results of the building design are compared to each other as well as the 
original ‘Model 5, 12m’, which now acts as the baseline scenario. 
 
 
7.2.1.1 Daylighting Design – Energy Use Intensities (EUI’s) 
The first stage of the Building Design investigation was a parametric analysis of the Daylighting 
Design parameters- WWR, glazing type and solar shading (refer Section 6.2). 
Figure 7.17 presents the EUI resulting from each combination of the daylight design parameters. This 
graph shows that the original daylighting system, which consisted of a WWR of 50% (WWR 0.5); 
clear single layer of glazing (Tvis0.9); and no overhang (OH 0mm), performed well at 
67.9kWh/m2/year. 
The combination which performed most efficiently overall, at 65.7kWh/m2/year consisted of WWR 
0.75; Tvis 0.73 (double glazing); and OH 750mm. It is expected that the large glazed area enables 
high levels of daylight, but the shading and increased insulative capacity of the double glazing limit 
heat transfer. 
The worst combination, at 74.2kWh/m2/year consisted of WWR 0.25; Tvis 0.73 (double glazing); and 
OH 1,500mm, which is likely to be poorly day-lit due to the small windows and large overhangs. 
Overall, the daylight system alterations only had minor effects on energy consumption, increasing 
EUI by up to 6.3kWh/m2/year (9.2%), or decreasing it by up to 2.2kWh/m2/year (3.3%), when 
compared to the original ‘Model 5, 12m’. 
Following is a breakdown of the results for each of the three Daylighting Design parameters. 
 
Daylighting Design Parameter 1: Window to Wall Ratio (WWR) 
WWR - the size of a window relative to its wall - appears to be significant. Figure 7.17 shows that the 
smallest glazed area of 25% does not perform as well as the larger WWR’s. Only a single WWR 0.5 
iteration is less efficient than all WWR 0.25 iterations. This is likely to be because 25% is not large 
enough to deliver sufficient daylight to the space. WWR’s of 50% and 75% appear to perform 
similarly on average, although 50% WWR (66.6 - 68.9 kWh/m2/year) is slightly better than 75% WWR 
(65.7 - 70.3 kWh/m2/year). The difference is likely to be due to greater thermal transfer into and out 
of the space through the larger glazed surface. 
 
Daylighting Design Parameter 2: Glazing Type 
Glazing Type – the material properties of glass – did not generate any conclusive patterns. At a WWR 
of 50%, double glazing (Tvis 0.73) performed marginally better than clear glass (Tvis 0.9), which was 
slightly better than reflective glass (Tvis 0.76). For the 25% WWR, clear glass combinations were the 
best and double glazing the worst, indicating translucency, not thermal properties, is the preferred 
glazing characteristic for small windows. This then reverses for the 75% WWR. 
Ultimately, double glazing (when combined with 750mm overhangs and 75% WWR) was the best 
performer, as it maximizes diffuse daylight but minimizes direct sunlight and thermal transfer. 
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However, this system realized only a small 3.3% (2.2kWh/m2/year) improvement over the original 
daylighting combination (clear glass and 50% WWR) plus 750mm overhangs, and would cost 
significantly more for larger, double glazed windows.  
  
Daylighting Design Parameter 3: Solar Shading (Overhangs) 
Solar shading – external devices designed to limit direct sunlight incident on the windows – had a 
clear effect. As expected, scenarios consisting of small windows (WWR0.25) performed better with 
no overhangs, maximizing daylight available to the restricted apertures. 
Conversely, large WWR 0.75 windows were more efficient when overhangs were present- although 
1,500mm overhangs were not as effective as smaller 750mm overhangs. In fact this was a pattern 
with all WWR’s and glazing types- in all situations 1,500mm overhangs produced a higher EUI than a 
750mm overhang in an identical situation. This indicates that there is an optimum point around 
750mm where overhangs are sufficient to minimize solar heat gains and impact on daylight is 
minimized. Maximum Daylight Autonomy (mDA) results, presented in Section 7.2.2.5, will illustrate 
the effect of overhangs on visual comfort. 
 
 
For the following investigation of ‘natural ventilation and thermal design’ it was intended that only 
the most effective daylighting design system – WWR 75%, double glazing and 750mm overhangs - 
would be considered. However, the degree of change required to realize performance 
improvements is also a factor, and so the original daylight system (plus 750mm overhangs) will also 
be taken forward. The inclusion of this ‘basic’ daylighting design scenario enables an analysis into the 
effectiveness of passive design at its most simple, inexpensive manifestation. Therefore, natural 
ventilation and thermal design will be tested using two iterations of ‘Model 5, 12m’: 
- ‘Daylight 1’ - WWR 0.5, Tvis 0.9, overhang 750mm (basic system); and 
- ‘Daylight 2’ - WWR 0.75, Tvis 0.73, overhang 750mm (best system) 
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Figure 7.17. EUIs for each Daylighting Design scenario/combination tested
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7.2.1.2 Ventilation and Thermal Design – Energy Use Intensities (EUI’s) 
The second stage of the Building Design investigation focused on the Ventilation and Thermal Design 
parameters – Construction Type, Roof Insulation, Wall Insulation and Window Openable Area. This 
parametric analysis was conducted in GenOpt using ‘discrete’ variations of the parameters (refer 
Section 6.1). 
 
Ventilation and thermal design variations were tested on two urban form scenarios. 
Firstly, ‘Model 5, 12m’ consisting of both ‘Daylight 1’ and then ‘Daylight 2’ systems developed in the 
previous section is tested and compared to the original ‘Model 5, 12m’ to determine how much of 
an effect ventilation and thermal design changes had. 
Secondly, ‘Model 0’ is also optimized to determine how much a non-passive building could be 
improved. The models tested in this section are summarized and referred to as: 
Model 0, 20m – Original Baseline 
Model 0, 20m – Optimized Baseline 
Model 5, 12m – Original Best Urban Form 
Model 5, 12m – Daylight 1 Optimized 
Model 5, 12m – Daylight 2 Optimized 
 
Table 7.1 presents the Ventilation and Thermal Design variations that were identified as ‘optimal’ 
through the GenOpt process. These results are technically not ‘optimal’ as they are reached using 
non-discrete variables rather than linearly tested ‘discrete’ variables. However, the term ‘optimized’ 
is used to indicate the optimal solution, of those tested, has been reached (refer Section 6.1). 
 
 
Table 7.1. ‘Optimal’ Ventilation and Thermal Design parameters for selected baseline and optimized scenarios. 
 
Figure 7.18 presents the EUI results for each of these combinations. It shows that the ventilation and 
thermal parameters had next to no impact in improving energy consumption, at least for the passive 
buildings. In both cases (Daylight 1 and 2) only a 1% decrease in EUI was realized. In comparison, the 
non-passive baseline realized a 21% reduction (136 down to 107kWh/m2/year). Following is a 
breakdown of the results for each of the four Ventilation and Thermal Design parameters. 
 
Ventilation and Thermal Design Parameter 1: Construction Type 
Construction Type – the primary ‘frame’ of the building – saw conclusive results. From the initial 
‘concrete with internal insulation’ construction, all scenarios ‘optimized’ to ‘concrete with external 
insulation’. 
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Timber was also trialled but found not to be as effective. This is not a surprising result as concrete 
provides a ‘thermal inertia’ (timber does not), which abates temperature swings, helping to maintain 
a consistent and comfortable temperature. Exterior insulation supports this by encasing the thermal 
mass, protecting it from the outdoor environment. Interior insulation effectively rejects the thermal 
benefits a concrete construction offers. 
 
Ventilation and Thermal Design Parameter 2: Roof Insulation 
Results for Roof insulation were also clear. For both passive Models, the highest tested insulation 
value – R-5.7 (3x building code minimum) – produced best efficiency. The roof surface is critical to 
limiting solar gains and convective heat losses. Tripling insulation to R-5.7 provides more resistance 
to heat transfers and therefore facilitates better environmental and energy performance. 
 
This is not the case for the non-passive Model 0 however. Here, insulation levels dropped to zero for 
best energy performance. It is likely that, to mitigate the considerable overheating in the 
unventilated building (refer Figure 7.9), GenOpt exploited heat losses through the buildings surfaces 
by minimizing thermal resistance (R-value). This would reduce reliance on mechanical cooling and 
result in the lower EUI seen in Figure 7.18. Section 7.2.1.3 reports the energy end-use breakdown to 
address this. 
 
Ventilation and Thermal Design Parameter 3: Wall Insulation 
Wall insulation reacted exactly the same as roof insulation. For passive scenarios it maximized to R-
3.6 (triple building code) to maximize control over heat exchange between indoors and outdoors.  
However, while maximizing insulation levels (in roof and walls) may be the most effective energy 
conservation option, the effect this had was to the value of less than 1%.  Such a small impact is 
likely due to the large glazed areas (WWR’s of 50% and 75%) in these scenarios – meaning insulation 
is only applied to 50 or 25% of the envelope anyway. So although performance has been improved, 
the degree of that improvement in terms of operational energy savings, may not necessarily justify 
the extra capital cost associated with more insulation. 
 
Model 0 was again optimized to zero insulation; reinforcing the notion the building is trying to eject 
excess heat. 
 
Ventilation and Thermal Design Parameter 4: Window Openable Area 
For both Daylighting Design scenarios, the Window Openable Area determined to be the most 
effective was double its original size. For Daylight Design 1, where the WWR was 50%, the openable 
percentage of that glazed area doubled from 20% to 40% - meaning 20% of the entire façade is 
openable. Similarly, the Openable Area of Daylight Design 2 (WWR 75%) also doubled in size, from 
13% to 26% - 20% of total facade.  
Considering window openable area was also tested at triple original size (3x code minimum) but not 
preferred, these results show that an optimal openable area exists- around 20% of the façade, or 
10% of the floor area. At this point, enough fresh air can be introduced to the space to ventilate and 
cool, but not so much that mechanical heating spikes. A more sensitive optimisation study would 
reveal this optimum point. According to these results, an openable window area equal to 10% of the 
floor area may be a more effective requirement than the building code’s 5% 
While the energy effect of this doubling was minimal, the effect on IAQ could be valuable. 
Environmental performance areas are assessed in Section 7.2.2 following. 
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Figure 7.18. Final EUIs for selected baseline and optimized scenarios. 
 
7.2.1.3 ‘Daylighting Design’ and ‘Ventilation and Thermal Design’ – Energy End-uses 
Figure 7.19 presents the energy end-use breakdown of the original and optimized Models. It shows 
how the considerable cooling loads in ‘Model 0’ are largely dissipated in ‘Model 0 Optimized’ by 
around 60% (195,000 down to 78,000kWh, average across all zones). This ratifies the point made in 
the previous sections about how zero insulation allows some excess heat to be ejected from the 
building, reducing need for energy intensive cooling. Another change in energy consumption is a 
slight rise in heating loads on the top floor of ‘Model 0 Optimized’, due to greater convective heat 
losses through the uninsulated roof. 
 
While the 21% overall energy reduction (136kWh/m2/year down to 107kWh/m2/year) between 
‘Model 0’ and ‘Model 0 Optimized’ is significant (approaching the GreenStar EUI benchmark for 
offices of 105kWh/m2yr) it should not be recommended. The building design that produced this 
reduced energy consumption depends on uncontrolled, almost ‘accidental’ heat losses through 
walls. Furthermore, a party-walled building depends on a neighbouring building to regulate thermal 
transfer between that party-wall. If there is no adjacent thermal zone (e.g. one building 7 storeys, 
the neighbouring building only 3 – no adjacent zone on levels 4 and up), considerable heat transfer 
will occur between indoors and outdoors through the poorly constructed party-wall. Lastly, the fact 
remains that this space would still depend on mechanical heating, cooling, ventilation and lighting 
and would have none of the benefits of a connection with the outside world. 
 
Figure 7.19 also presents the two final optimized scenarios – ‘Model 5, Daylight 1’, and ‘Model 5, 
Daylight 2’. Both these models display extremely low HVAC use with heating, cooling and fans each 
consuming infinitesimally small amounts of energy. From the original ‘Model 0’, cooling loads in 
particular have diminished to only 1kWh/m2/year. This is a significant finding. Such minute HVAC 
dependency means that the HVAC system could be removed completely from the building. This 
would save a considerable amount of capital cost which could be reinvested in more financially 
rewarding, environmentally friendly natural ventilation technologies (e.g. automated openable 
windows). Focusing design on natural ventilation and thermal aspects means the building is more 
resilient and better equipped to maintain comfort through situations like power-cuts. 
Section 7.2.2 examines the environmental comfort performance of these scenarios. 
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Figure 7.19. Final Energy End-uses for optimized scenarios with comparison against corresponding originals. 
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7.2.2 Building Designs Effect on Comfort 
The five environmental performance criteria addressed in the Urban Form investigation – 
Temperature, air change rates, air speed, Daylight Autonomy and maximum Daylight Autonomy - are 
again assessed. To demonstrate overall changes, only the ‘original’ and ‘optimized’ models 
addressed in the previous energy sections are discussed here. 
 
7.2.2.1 Environmental Performance Criteria 1 - Temperature 
Figure 7.20 presents indoor temperatures for each of the five original and optimal scenarios without 
any HVAC system included. It identifies two significant findings. 
Firstly, overheated hours have been reduced by 41% (86% down to 45%, average across all levels) 
from ‘Model 0’ to ‘Model 0 Optimized’. This has been affiliated with the removal of thermal 
insulation, which allows more of the excess heat to be released from spaces.  
Secondly, the difference between the original Model 5 and the two optimized versions is small- 
reflecting the minimal energy reductions already presented. However, the ‘Daylight 2 Optimized’ 
building has developed to a point where comfortable temperatures are reached – naturally - for 99% 
of the occupied year, on all levels. This is a product of the improved control its thermal envelope 
offers. High thermal resistance in the roof, walls and windows (Insulated Glazing Units - ‘double 
glazing’) minimizes heat transfer through the building’s surfaces; 750mm overhangs reduces direct 
sunlight incident on the windows and associated solar heat gains; and openable windows allow 
excess heat to be released when needed. This is a very powerful result which confirms that HVAC 
equipment is not required if the building is designed well. Even the very simple ‘Daylight 1 
Optimized’ model, which has identical thermal specifications as ‘Daylight 2 Optimized’ but with 
smaller, clear glazed windows, is capable of delivering thermally comfortable conditions for 90% of 
the occupied year. 
 
 
Figure 7.20. Natural (no HVAC) thermal performance for selected baseline and optimized scenarios. 
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7.2.2.2 Environmental Performance Criteria 2 – Air Change Rates 
One of the most evident short-comings of the passive buildings in the Urban Form investigation was 
the ability to deliver the minimum required air changes. Figure 7.13 showed how all four selected 
urban form scenarios only achieve the minimum ACH’s for between 40-65% of the occupied year. It 
was expected that by enlarging the openable portion of the windows, more fresh air could be 
delivered to spaces. However, despite GenOpt doubling Window Openable Area from 5% of the floor 
area to 10%, minimum air change rates are not markedly improved between the original ‘Model 5, 
12m wide’ and ‘Daylight 1 Optimized’. Comparatively, ‘Daylight 2 Optimized’ (openable area also 
doubled) is improved by an average of 22% (44% up to 68%, average across all naturally vented 
levels). This improvement cannot simply be associated to the doubling of the openable window area 
as this is the same absolute area as ‘Daylight 1 Optimized’ (refer Appendix B.4 for window area 
calculations).  Therefore something else must be affecting the volume of air that is introduced. It is 
possible that the more stable and cooler indoor temperatures in ‘Daylight 2 Optimized’ were more 
often within the 15oC indoor-outdoor temperature difference within which venting can occur (refer 
Section 4.3.2.1). This would’ve enabled windows to open wider and more often than ‘Daylight 1 
Optimized’, resulting in higher ACH’s. The oenable portion of windows could be increased more to 
further improve air change rates, but this evidently had an adverse effect on energy consumption 
and was overridden as a solution by GenOpt. Again, more sensitive analysis of window openable 
area may be able to further improve performance. 
 
 
Figure 7.21 Air change rates (ACH’s) for selected baseline and optimized scenarios. 
 
7.2.2.3 Environmental Performance Criteria 3 – Air Speed 
As in the Urban Form scenarios, air speed is not an issue. For both optimized buildings only the top 
floors experienced any air speeds in the ‘Tolerable’ bracket of 0.3-2.0m/s (purple bars). At no point 
does any level of either optimized building experience ‘Uncomfortable’ air speeds (>2.0m/s). There 
is little difference between the original Model 5 and either of the two optimized models despite the 
doubling of openable window area for both. This indicates excessive air movement is not an issue for 
naturally cross ventilated spaces. 
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Figure 7.22 Air speeds (ACH’s) for selected baseline and optimized scenarios. 
 
7.2.2.4 Environmental Performance Criteria 4 – Daylight Autonomy 
Figure 7.23 shows that DA – the percentage of the occupied year a point in a space achieves >400lx – 
has diminished in both selected daylighting scenarios. The original Model 5, which consisted of 50% 
WWR, clear glass and no overhang, achieved DA criteria for 100% of the space. This has been 
reduced to only 78% of the space with the addition of a 750mm overhang in the ‘Daylight 1’ 
scenario. ‘Daylight 2’, which consists of a 75% WWR, double glazing and a 750mm overhang also 
experiences a decline DA, down to 83% of the space (due mostly to the same overhang addition) but 
not as drastically due to the larger window area. While neither Daylight Design 1 or 2 appear 
impressive in comparison to the original Model 5 DA performance, they do both achieve the 
minimum spatial (sDA) requirement of 75% of the space (refer Section 4.2.1.5). Additionally, the 
purpose of some of the daylight design changes, especially the overhangs, was to reduce over-
exposure, addressed in the following section. 
 
 
Figure 7.23 Daylight Autonomy (DA) and spatial Daylight Autonomy (sDA) performance for optimized scenarios. 
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7.2.2.5 Environmental Performance Criteria 5 – Maximum Daylight Autonomy 
Figure 7.24 illustrates the value of the overhangs in reducing over-exposure to daylight (mDA). Only 
47% of the original Model 5 space passed mDA criteria (>4,000lx for no more than 1% of the 
occupied year, across 95% of the space). This is increased to 64% with the inclusion of overhangs in 
Daylight 1. Daylight 2 is also improved, but larger windows (75% WWR) limit this improvement. 
Ultimately, neither scenario meets the demanding mDA criteria. More appropriate overhang sizes 
could enhance performance however. For example, glare is most prominent along the northern 
perimeter, so larger overhangs would be of benefit here. Conversely, glare was not such an issue 
along the east and west perimeters so overhangs could be reduced here, improving DA but having 
little impact on mDA. Alternative shading devices like external louvers or meshes could also deliver 
better results. 
 
 
Figure 7.24 Maximum Daylight Autonomy (time and space over-exposure avoided) performance for optimized scenarios. 
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Chapter 8: Conclusion 
 
This research aimed to determine which changes to urban form and building design were most 
significant in achieving high-performance buildings, with minimal impact on density in central city 
Christchurch. 
 
Using the concept of passive design – delivering comfortable indoor environments naturally – the 
thesis explored a fundamental issue of town planning – How to secure access to daylight and fresh 
air for all buildings. 
 
Daylighting is a commonly employed energy conservation technique, enabling artificial lighting 
savings of up to 80% (Ministry for the Environment, 2008).  Natural ventilation is not as frequently 
utilized but has equally significant potential as daylighting, with the ability to save up to 79% on 
cooling energy (Brager, et al., 2007). Increased access to daylight and fresh air also improves 
occupant satisfaction with their working environment, which can lead to reduced absenteeism and 
increased productivity (Sustainability Victoria, 2008). 
 
There is no shortage of literature surrounding passive design and benefits in regard to the building; 
but less information exists concerning the urban environment and how the city’s form affects a 
building’s performance.  
 
Large buildings shade other buildings from access to daylight and interrupt wind flow. These 
sheltering effects diminish the ability for simple openable windows to deliver daylight and fresh air 
to building spaces. 
 
If urban planning laws do not mandate an urban form that ensures every building will have access to 
sun and wind, then daylighting and natural ventilation are not likely to be effective, or even possible. 
 
Currently, Christchurch’s urban planning laws prioritize maximisation of profitable floor area over 
environmental and energy efficiency, and consequently do not facilitate high-performance buildings. 
The result is that buildings are built to the full width of their property leaving no opportunity for 
access to daylight and fresh air. 
 
Right now, as the central city rebuild begins, Christchurch has an opportunity to reformulate urban 
planning laws to ensure every building has sufficient access to daylight and fresh air. 
 
 
Using a parametric style of investigation, significant urban form and building design variables were 
separately tested to determine their effect on building performance. Performance was assessed in 
three areas: energy consumption, indoor comfort and density.  
EnergyPlus provided the primary energy and thermal simulations, Radiance/Daysim were used for 
reliable daylight calculations and analysis; and UrbaWind accounted for the effect of urban form on 
wind pressures for natural ventilation. 
 
 
In terms of Urban Form, tests found that small, simple changes enabled significant improvements in 
building performance. 
 
The ‘non-passive’ Baseline scenario – ‘Model 0’ - which only had access to the outdoors on its street-
facing façade, performed at a typical New Zealand office building Energy Use Intensity (EUI) of 
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between 128-136 kWh/m2/year. In comparison passive scenarios ranged between 68-
81kWh/m2/year (averaging 78 kWh/m2/year). This is a substantial reduction of between 37 and 48%. 
 
Separating buildings was by far the most effective change tested in this research; the effects of other 
urban form changes such as building height and road width were comparatively insignificant. 
 
Separating buildings by as little as 2 meters and incorporating openable windows to ventilate spaces 
naturally and deliver daylight, was enough to realize these energy reductions. The ability to ventilate 
spaces naturally through the opening of windows contributed the most significant reduction, 
decreasing mechanical cooling loads by as much as 92%. Increasing gaps to 6m enabled artificial 
lighting energy savings of up to 60% through daylighting; but provided enough shade to minimize 
solar heat gains of surrounding buildings. 10m gaps offer little improvement over 6m gaps. 
 
Assuming a 20m wide property, a 2m separation would incur a floor area reduction of only 10%. If 
this was to be applied to 4 storey tall buildings, uniformly across the CCB, only 4.4 CCB Blocks (out of 
15 available) would be required to meet the projected demand for office space (260,000m2). In the 
same scenario, 6m wide gaps (30% of 20m wide property) would still easily satisfy the density 
demand, requiring only 5.3 CCB Blocks. 
 
 
In terms of building design, development from the initial minimum building code standards used in 
the urban form investigation, yielded minimal performance improvements.  
- The most effective daylighting design changes - increasing WWR from 50% to 75%, switching 
to Low-E double glazing and adding 750mm overhangs - only reduced EUIs by a further 1%.  
- The most effective thermal envelope changes - increasing insulation to 3x code minimum 
and openable area of windows to 2x code - also only realized a further 1% improvement. 
The final best case scenario, ‘Model 5, 12m – Daylighting 2 Optimized’ – had an EUI of 
64.8kWh/m2/year – a 50.2% reduction from the original ‘Model 0, 12m’ baseline equivalent. 
 
Daylight Autonomy performance was good in both the final daylight design scenarios, achieving the 
required 400lx for 100% of the occupied year across at least 75% of the ‘Model 5, 12m wide’ space. 
However, overexposure remained an issue even in the most developed daylight design scenario 
where only 64% of the space passed maximum Daylight Autonomy criteria. 
Direct sunlight can be a significant barrier to successful daylighting as it causes glare which can lead 
to occupants closing blinds and daylighting being forfeited. Daylighting systems, in particular shading 
devices, would need to be further developed to avoid this issue. 
 
Concern over the frequency at which passive buildings can deliver comfortable indoor environments 
has been identified as a barrier to natural ventilation in particular. However results revealed that 
with the use of automated window opening systems and strict venting criteria, comfortable 
temperatures (18-25oC) could be maintained for over 98% of the occupied year – without HVAC 
assistance. As well as enabling overheated air to be released from indoor spaces, openable windows 
were able to supply the required volume of fresh air to spaces for up to 74% of the occupied year. 
Excessive air speeds were not an issue.  
 
These findings indicate if a buildings project funds targeted natural ventilation and daylighting 
systems, energy intensive HVAC systems would not be required, making buildings more naturally 
comfortable, energy efficient and resilient.  
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In regard to the research aim, the thesis found that urban form has significantly more effect on 
building performance than building design does; and that separating buildings was the most 
effective urban form change. 
 
It was found that, through this more porous urban form, a naturally ventilated and daylit building 
could perform up to 50% more efficiently than a building in a conventional compact urban form. 
 
This thesis has proven that simple and minor changes to urban form and building design can produce 
the high performance buildings Christchurch desires. 
 
If the demonstrated benefits of passive buildings are to be realised the CCC needs to consider 
modifying urban design regulations to facilitate a porous urban form in the CCB. 
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8.1 Artist’s Impression of Proposed Urban Environment 
 
 
Figure 8.1 Artist impression of passive urban form and building design. 
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8.2 Future Research 
 
1) While this work demonstrated small gaps between buildings would be hugely beneficial for 
building performance, it was not clear exactly how small gaps could be. 2m separations 
enabled effective natural ventilation, but 6m gaps were required for daylighting benefits. It 
is likely there is an optimum separation distance between 2 and 6m that would provide 
equally beneficial access to daylight and fresh air as a 6m gap and would increase NLA. A 
sensitivity analysis could be a next step from this more rigid parametric study. 
 
2) An investigation into comfort of the outdoor environment as a result of the porous urban 
form proposed by this research. Of particular interest would be the gaps between buildings 
on the roof of the Ground floor. It was this separation of upper floors that enabled the 
performance benefits but the gap does leave an awkward outdoor space in terms of 
inhabitation. The ‘artist’s impression’ presented in the previous section (middle image) 
suggests the space could be used as a courtyard type function for employees of the adjacent 
buildings. However, the conditions and comfort of this type of space are unknown and 
would need to be assessed.  
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Appendix A: Robustness Tests 
 
A.1. Robustness Test 1 – Analysis Grid Detail 
 
Purpose 
To determine whether low detail analysis grids provide a sufficient level of daylighting information. 
 
Method 
Compare Daylight Autonomy (DA) data and resulting artificial lighting energy from a model with a 
high detail analysis grid, to an identical model with a low detail analysis grid. 
 
High Detail Grid  
1m x 1m grid points based on NZS1680 recommendations and discussion in Section 4.2.1.7. Equates 
to 441 grid points (9x49). Refer Figure A.1.1 – left grid. 
 
Low Detail Grid 
2x10m grid points. 2m X-direction intervals sufficient to test the 2m building width increments; Y-
direction intervals not significant because daylight is uniform along the buildings length due to 
constant building separation distance – 10m spacing’s. Equates to 30 grid points (5x6) (grid on right). 
 
Results 
Annual daylighting simulations were performed in Radiance/Daysim between the hours of 8am-6pm 
(occupied hours). Figure A.1.1 depicts DA results (same criteria as established in Section 4.2.1.3) and 
Table A.1.1 summarizes findings. 
 
 
Figure A.1.1. Radiance/Daysim model used in testing; with high and low detail grids presenting DA results.  
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Table A.1.1. Daylight Autonomy differences between high and low detail analysis grids. 
 
Using the method described in Section 4.2.3 daylighting data was plugged into corresponding 
EnergyPlus models to determine artificial lighting loads. Figure A.1.2 depicts the EnergyPlus model 
and settings.  
 
 
Figure A.1.2. EnergyPlus model and design specifications. 
  
 
 
Table A.1.2. Resulting lighting energy consumption results produced by the high and low detail models. 
 
 
Findings 
- DA results show negligible difference (<1%) between the high and low detail grids. 
- Resulting artificial lighting energy consumption differences are also negligible (<1%). 
- Simulation time of the low detail model was around half of the high detail model. 
 
Low detail grids produce near identical daylighting data as the high detail grid but takes half the time 
to do so. 
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A.2. Robustness Test 2 – Analysis Grid Frequency (across storeys) 
 
Purpose 
To determine whether daylight analysis grids are required on every level of the subject building, or 
whether a single representative grid/level is sufficient- and, if so, which level. 
 
Method 
Compare the energy consumption of a building that consists of daylight analysis grids on each storey 
(‘All Levels’), to an identical building with only a single, representative grid applied to all levels 
(‘Representative Level’). 
Daylight levels are calculated in Radiance/Daysim and results are integrated into EnergyPlus where 
supplementary electric lighting loads are calculated (refer Robustness Test 3 and Section 4.2.3 for 
details on this method). The method is repeated twice- once for lowest density ‘Model 3’ and again 
for highest density ‘Model 7’ to ensure results are analogous across all urban densities (refer Section 
5.4 for Urban Form models). 
 
All Levels – Model 3 
The same ‘Model 3’ and low detail analysis grid from Robustness Test 1 is used, with the grid moved 
to each upper level, as displayed in Figure A.2.1. Daylight results for each level are integrated with its 
corresponding level of the corresponding EnergyPlus model (Figure A.2.2) to generate lighting 
energy consumption data. This is the more robust method and is therefore the baseline. 
 
 
Figure A.2.1. Daysim models with analysis grid on each level. 
 
 
Figure A.2.2. Model 3 EnergyPlus model and design specifications. 
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Representative Level – Model 3 
The representative grid method calculates artificial lighting energy for the entire building, based on a 
single daylighting grid/level. This method is repeated three times using daylighting calculations for 
each of the three upper levels of the Daysim model. 
 
Results – Model 3 
Figure A.2.3 shows that when daylight and corresponding energy consumption is calculated 
individually for each level, a total of 22,000kWh is consumed across the building (red baseline). 
In comparison, the Representative Level varies (depending on the level used for daylight 
calculations) but only by ± <1,000kWh – less than 5%. When using the mid-height level 3 as 
representative, the difference from the baseline is less than 1%. Time to conduct the ‘Representative 
Level’ method was less than half that of the full ‘All Levels’ method. 
 
 
Figure A.2.3. Model 3 Lighting energy results 
 
All Levels – Model 7 
Same method used as for ‘Model 3 – All Levels’. Figure A.2.4 shows the daylighting analysis grid 
applied to levels 2-8; Figure A.2.5 shows the corresponding EnergyPlus model. 
 
 
Figure A.2.4. Seven Daysim models with analysis grid on each level. 
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Figure A.2.5. Model 7 EnergyPlus model 
 
 
Representative Level – Model 7 
Same method used as for ‘Representative Level - Model 3’. 
 
Results – Model 7 
Figure A.2.6 shows that when daylight and corresponding energy consumption is calculated 
individually for each level, a total of 154,000kWh is consumed across the building (red baseline). 
The graph shows that Levels 2-6 would all slightly over-estimate lighting energy loads if used as 
representative levels by 5-11%; whereas Level 7 slightly under-estimates by 4%, and Level 8 grossly 
under-estimates by 42% lighting energy requirements.  
 
Figure A.2.6. Model 7 Lighting energy results 
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Figure A.2.7 shows how lighting energy consumption differences translate to small total building 
consumption discrepancies. Levels 2-6 over-estimate total energy by 3-6%; Level 7 under-estimates 
by 2%; and Level 8 under-estimates by a substantial 23%. Clearly, Level 8 enjoys very high levels of 
daylight at the top of the urban fabric which are not representative of the rest of the building and 
therefore cannot be considered as a representative level.  Although Level 7 appears the most 
accurate, it also produces ‘generous’ results which would cause misleading performance 
improvements. Of the remaining scenarios, Level 6 produces the most accurate results at only 4% 
difference from the baseline. The difference between this and Level 5 however is only an 
insignificant 1%. Therefore, as the mid-height storey, Level 5 will be adopted as the representative 
level for 8-storey Models 7, 8 and 9 in testing. 
 
 
Figure A.2.7. Model 7 Total energy consumption 
 
Findings 
- In all tested scenarios it was found that the use of a single level for daylighting calculations 
could adequately (within 5% of the detailed ‘All Levels’ baseline model) ‘represent’ daylight 
and resulting energy consumption when applied to all (passive) levels of the building. 
- In all cases, the mid-height level will be used as the ‘Representative’ daylighting level to the 
rest of the building – i.e. Level 3 for 4-storey scenarios; Level 4 for 6-storey scenarios; and 
Level 5 for 8-storey scenarios. 
 
The mid-height rule was assumed to be true for medium density 6-storey scenarios as an average of 
the low density 4-storey and high density 8-storey scenarios tested here. 
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A.3. Robustness Test 3 – Daylight Calculation Methods 
 
Purpose 
To determine the most appropriate method of calculating daylight for the study. 
 
Method 
- ‘Model 3’ will be simulated four times, three using a different method of calculating daylight; 
and the fourth using only artificial lighting- to demonstrate the effect each method has on 
energy savings potential. 
- Method 1 uses EnergyPlus as the daylight calculation engine; Method 2 uses 
Radiance/Daysim at ‘low scene complexity’ (detail); Method 3 again uses Radiance/Daysim 
but with ‘high scene complexity’. 
 
Method 1: No Daylight 
‘Model 3’. Lighting density 12W/m2. Lighting schedule 8am-6pm. Settings identical for all models. 
This baseline uses purely artificial lighting as to demonstrate how much energy savings are possible 
through daylighting. 
 
Method 2: EnergyPlus Daylight Calculations 
EnergyPlus’ ‘Split-flux’ method reads daylight levels at a sensor in the centre of each zone/level. 
For each zone/level, it then reduces supplementary artificial lighting density to deliver the desired 
400lx.  
Method 2 aims to quantify by how much EnergyPlus’ ‘split-flux’ algorithm underestimates daylight 
and overestimates supplementary artificial lighting as a result (refer Section 4.2.2.1 discussion). 
Results will be measured against the more robust Radiance methods following. 
 
Method 3: Low Complexity Radiance/Daysim Daylight Calculations  
Radiance uses the ‘Reverse Ray-tracing’ algorithm which is widely regarded as the most accurate 
method of predicting daylight levels available (refer Section 4.2.2.2). 
Radiances ‘Low complexity’ setting limits the ‘bounces’ of light off surfaces, enabling quicker 
simulation times than the ‘High complexity’ setting. 
Daysim then relays Radiances daylight calculations through its ‘artificial lighting reduction’ report 
which can be referenced by EnergyPlus to modify electric lighting density according to present 
daylight levels. This report consists of hourly fractions denoting how much electric lighting can be 
reduced - e.g. 0.2 indicates lighting density would be modified from 100% (12W/m2) down to 20% 
(2.4W/m2). 
 
Method 4: High Complexity Radiance/Daysim Daylight Calculations 
The third method tested employs the same process as ‘Method 3’ but specifies the ‘High complexity’ 
scene setting. ‘High complexity’ allows more reflections off surfaces which enables light to travel 
further, maximizing its effect. This setting is more representative of realistic light behaviour (and so 
acts as the baseline in this test) but requires longer simulation times. 
 
Results 
Figures A.3.1 and A.3.2 present the Daysim and EnergyPlus models (Model 3) used for this test. For 
the Radiance/Daysim based methods, only a single analysis grid was used on the middle floor of the 
building (3rd floor out of 4 floors- Ground floor not considered for daylighting). This is an approach 
that has been adopted throughout the study and is proven to generate reliable results in Robustness 
Test 2. 
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Figure A.3.1. Daysim model used in the test. 
 
 
Figure A.3.2. EnergyPlus model and settings used in the test.  
 
 
Table A.3.1. Comparison of Lighting energy consumption resulting from each daylighting method.  
 
Findings 
- EnergyPlus daylight calculations overestimate lighting energy by 26% compared to the 
‘Radiance High Detail’ baseline. 
- ‘Radiance Low Detail’ is within 1% difference of ‘Radiance High Detail’. 
- According to Radiance, lighting energy can be reduced by 52% (46,800 down to 22,332kWh). 
In comparison to the more reliable Radiance method, the 26% divergence in lighting energy 
calculations generated by EnergyPlus is excessive. Therefore, Radiance’s low detail, which differed 
by <1% from high detail settings will be used as the daylighting engine.  
‘Robustness Test 3’ has also demonstrated that substantial lighting energy savings – over 50% - can 
be realized through the use of daylighting. 
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A.4. Robustness Test 4 – Wind Angle Increment (WAI) Frequency 
 
Purpose 
To determine required Wind Angle Increment (WAI) frequency for natural ventilation calculations.  
 
Background 
EnergyPlus uses the closest specified Cp value between the actual wind angle of incidence (according 
to the weather file) and the subject surface ‘outward normal’ (90o to the surface) and adjusts 
weather file data based on that coefficient. 
For a north facing façade example, if Cp values have been specified for every 45o, a wind angle of 89o 
(in the weather file) will be applied to the 45o Cp value (because it is the first increment towards 
north); whereas a wind angle of 91o would be applied to the 90o Cp value (because this is now the 
first increment towards north). Common WAI’s used in similar studies include 90o, 45o, 30o, and 10o 
(Costola, et al., 2009).  10o is the smallest increment possible in EnergyPlus. 
Every WAI requires a separate, time intensive CFD calculation in UrbaWind. Computations are 
conducted by the kind people at Meteodyn so should be limited as much as possible, but not so far 
as to compromise the accuracy of natural ventilation calculations.  
 
Method 
- Using UrbaWind, generate wind pressure coefficient (Cp) data for each level of each façade 
of an identical high detail WAI (10o) and a low detail WAI (45o) model (‘Model 3’). 
- Apply Cp data for each WAI to two separate EnergyPlus models and generate air change rate 
and energy consumption data. 
- Compare results to determine whether faster low detail WAIs produce reliable results 
compared to high detail WAIs. 
Figure A.4.1 presents ‘Model 3’ in its full urban environment as simulated in UrbaWind (with the 
EnergyPlus equivalent inset). Only east and west facades/windows were specified for venting (cross 
ventilation, refer Section 4.3.2). Table A.4.1 presents the Cp values generated by UrbaWind for the 
10o and 45o WAIs. UrbaWind outputs can be found in Appendix D. 
 
Results 
 
 
Figure A.4.1. EnergyPlus model and design specifications.  
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Table A.4.1. Wind pressure coefficients entered into EnergyPlus model. 
 
Table A.4.2 shows that 45o WAIs would result in slightly higher air change rates than the more 
detailed 10o WAIs but only by 5%. Table A.4.3 shows that this equates to 9% less HVAC energy 
consumption. 9% could be considered a significant inaccuracy, but when put in context of the overall 
building energy consumption (includes lighting and equipment loads) that difference deflates to be 
within 1% between each model (refer Table A.4.4). 
 
 
Table A.4.2. Air Change Rates for 10o and 45o Wind Angle Increments (WAIs). 
 
 
Table A.4.3. Heating Ventilation and Air Conditioning (HVAC) energy consumption for 10o and 45o WAIs. 
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Table A.4.4. Total building energy consumption for 10o and 45o WAIs. 
 
Findings 
- Neither air change rates (5%) nor overall energy consumption (<1%) were significantly 
affected by the less frequent Wind Angle Increments. 
- This, in addition to the need to minimize CFD computation time, warrants the use of the 
lower detail 45o wind angle increments in testing. 
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A.5. Robustness Test 5 – Surrounding Buildings Effect on Natural Ventilation 
 
Purpose 
To quantify the effect surrounding buildings have on Cp values and the resulting natural ventilation 
performance.  
 
Method 
- Using the Tokyo Polytechnic University Aerodynamics Database (TPU database), build an 
‘Isolated Model’ and a ‘Non-Isolated Model’ (identical model with surrounding urban forms). 
- Apply Cp data for each scenario to two separate EnergyPlus models and generate air change 
rate and energy consumption data. 
- Compare results to determine how much effect urban form has on natural ventilation 
predictions. 
 
Isolated Model and Cp Values 
The unrealistic Isolated Model (no surrounding urban form) selected from the TPU Database was 
16m wide, 24m long and 18m high – similar width and height dimensions to the tested Christchurch 
Models (refer Figure A.5.1).  
 
 
Figure A.5.1. Isolated Model dimensions and surrounding urban form. (Tokyo Polytechnic University, 2007). 
 
Figure A.5.2 shows the Cp data for the western (surface 3, left) and eastern (surface 5, right) facades 
specified for natural cross ventilation in this study (refer Section 4.3.2). 
 
 
Figure A.5.2. Cp ‘Mean values’ (black line) generated by TPU Database for east and west facades of an ‘Isolated’ building. 
(Tokyo Polytechnic University, 2007). 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
156 
Tavis Creswell-Wells, 2014 
The data presented in Figure A.5.2 above is summarised into Table A.5.1 below and plugged into the 
EnergyPlus model. 
 
 
Table A.5.1. Summary of Cp values for east and west facades of the Isolated Model for each wind direction. 
 
 
Non-Isolated Model and Cp Values 
Using the same isolated model from the Tokyo Database, a surrounding urban form was applied 
according to the TPU process seen in Figure A5.3. Figure A5.4 presents the Non-Isolated Model. This 
inclusion of surrounding buildings make the ‘Non-Isolated Model’ more realistic than the isolated 
model, and therefore represents the baseline. 
 
 
Figure A.5.3. Urban density calculations and graphic. (Tokyo Polytechnic University, 2007). 
 
 
Figure A.5.4. Non-Isolated Model dimensions and surrounding urban form. (Tokyo Polytechnic University, 2007). 
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Figure A.5.5 presents the Cp values generated for East and West facades of the Non-isolated model.  
 
 
Figure A.5.5. Cp ‘Mean values’ (black line) generated by TPU Database for east and west facades of ‘Non-Isolated’ model. 
(Tokyo Polytechnic University, 2007). 
 
 
The data presented in Figure A.5.5 above is summarised into Table A.5.2 below and plugged into the 
EnergyPlus model. 
 
 
Table A.5.2. Summary of Cp values for east and west facades of the Non-Isolated Model for each wind direction. 
 
Results 
The Cp values presented in Tables A.5.1 and A.5.2 were entered into two corresponding EnergyPlus 
models (refer Figure A.5.6) and simulated to produce air change rate (Table A.5.3) and HVAC energy 
consumption data (Table 5.4). 
 
 
Figure A.5.6. EnergyPlus model used for both isolated and Non-Isolated scenarios. 
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Table A.5.3. Air Change Rates for both isolated and Non-isolated models 
 
 
Table A.5.4. Heating Ventilation and Air Conditioning (HVAC) energy consumption for Isolated and Non-Isolated Models. 
 
Findings 
- Cp values of the ‘Non-Isolated Model’ are of lower amplitude and variability than the 
‘Isolated Model’, reflecting the interrupted wind-flow caused by the surrounding buildings. 
- Air change rates are grossly overestimated in the ‘Isolated Model’, 54% higher than the 
‘Non-Isolated Model’ baseline. 
- Higher ACH’s result in a 23% underestimation of total HVAC energy consumption in the 
unrealistic ‘Isolated Model’.  
 
The omission of surrounding buildings in the calculation of wind pressure data and natural 
ventilation effectiveness has a significant impact on reliability of results, generating energy 
differences of up to 23% when compared to the more realistic ‘Non-Isolated Model’. Robustness 
Test 5 has demonstrated the importance of including urban form in simulations in this study. 
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A.6. Robustness Test 6 – Validation of UrbaWind 
 
Purpose 
To determine whether the Cp values generated by UrbaWind are accurate and reliable.  
 
Method 
- Build an UrbaWind model identical to the Tokyo Polytechnic University (TPU) ‘Non-Isolated 
Model’ used in Robustness Test 6. 
- Generate Cp values through both tools – TPU Model (baseline) and UrbaWind. 
- Compare absolute Cp values and effect on air change rates and HVAC energy consumption in 
corresponding EnergyPlus models. 
 
Background 
This test was devised because existing validation of UrbaWind wind pressure (Cp) data is not 
conclusive.  
The TPU Database provides Cp data for a range of building size and urban form scenarios. This data 
is produced through wind-tunnel tests and so is accurate (Tokyo Polytechnic University, 2007) and 
can be used as a reliable baseline for comparisons to be made against. 
 
Tokyo Polytechnic University (TPU) Aerodynamics Database Model (TPU Model) 
Same TPU ‘Non-Isolated Model’ used in Robustness Test 5 -  16m wide, 24m long, 12m high; urban 
density 0.6 (refer Figure A.6.1). 
 
 
Figure A.6.1. Description of model dimensions, density and surfaces for TPU Model. 
(Tokyo Polytechnic University, 2007). 
 
 
Figure A.6.2 presents the ‘Mean’ Cp values (black lines) on each building surface (roof and four sides) 
for wind angles 0, 22.5, 45, 67.5 and 90o (only wind angles available on database) associated with 
the selected model. 
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Figure A.6.2. Wind Pressure Coefficient (Cp) data for each surface at each wind angle (Focus: Mean Cp’s – black line). 
 (Tokyo Polytechnic University, 2007). 
 
 
 
 
UrbaWind Model 
The UrbaWind (software explained in Section 4.3.2.5) model created was identical to the TPU Model 
to ensure analogous results (refer Figure A.6.3). Figure A.6.3 also presents the computational 
domain and the Wind Pressure Coefficient scale applied. 
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Figure A.6.3. Screenshot of the UrbaWind model, domain and Cp scale. (Author). 
 
Figure A.6.4 presents colour renders of the Cp values generated by UrbaWind calculations on each 
building surface (roof and four sides) for wind angles 0, 22.5, 45, 67.5 and 90o. 
 
 
Figure A.6.4. Cp data represented as colour renders on each surface at each wind angle. (Author). 
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Results 
The data identified in Figures A.6.2 and A.6.4 are represented in Figure A.6.5 which compares the 
two sets of Cp data for each wind angle on each building surface. 
 
 
Absolute Cp values presented in Figure A.6.5 indicates Cp data generated by UrbaWind is similar to 
TPU generated values for surfaces 1, 2 and 3 but deviate more for surfaces 4 and 5. UrbaWind seems 
to consistently produce greater magnitude negative values than the wind-tunnel based data. 
Analysis would benefit from the 0o wind angle Cp values which would complete the trend lines, 
clarifying the patterns of the UrbaWind data but was omitted due to (my) user error in setting up the 
models. 
 
In terms of resulting natural ventilation performance, Table A.6.1 shows that an EnergyPlus model 
using the UrbaWind Cp values produces air change rates within 2% that of a TPU based model. 
Figure A.6.5. (All 5 graphs- one for each surface). Comparison of accuracy between TPU and UrbaWind Cp values. (Author). 
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Resulting HVAC energy consumption is within 1% confirming UrbaWind is a reliable wind pressure 
and Cp data source for this study. 
 
 
Table A.6.1. Air change rates and difference between TPU and UrbaWind models. 
 
 
Table A.6.2. Energy Consumption by Energy End-use (HVAC systems only) for both TPU and UrbaWind models. 
 
Findings 
Despite some UrbaWind generated Cp values not matching the Tokyo Polytechnic University wind 
tunnel calculated values, the infinitesimal differences in resulting air change rates and HVAC energy 
indicates UrbaWind is accurate enough to produce reliable wind pressure data for this study. 
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Appendix B: Calculations and Other Material 
 
Appendix B.1 – Plot Ratio Calculations (individual property density analysis) 
 
 
Table B.1. Plot ratio calculations 
Scenario
Building 
Width (m)
Building 
Length (m)
Number 
of Levels
Total Floor Area 
per Property (m2)
Gap between 
Buildings (m)
Required Property 
Width (m)
Property 
Length (m)
Total Property 
Land Area (m2)
Plot Ratio 
10 50 4 2000 0 10 50 500 4.0
12 50 4 2400 0 12 50 600 4.0
14 50 4 2800 0 14 50 700 4.0
16 50 4 3200 0 16 50 800 4.0
18 50 4 3600 0 18 50 900 4.0
20 50 4 4000 0 20 50 1000 4.0
10 50 4 2000 2 12 50 600 3.3
12 50 4 2400 2 14 50 700 3.4
14 50 4 2800 2 16 50 800 3.5
16 50 4 3200 2 18 50 900 3.6
18 50 4 3600 2 20 50 1000 3.6
10 50 4 2000 6 16 50 800 2.5
12 50 4 2400 6 18 50 900 2.7
14 50 4 2800 6 20 50 1000 2.8
16 50 4 3200 6 22 50 1100 2.9
18 50 4 3600 6 24 50 1200 3.0
10 50 4 2000 10 20 50 1000 2.0
12 50 4 2400 10 22 50 1100 2.2
14 50 4 2800 10 24 50 1200 2.3
16 50 4 3200 10 26 50 1300 2.5
18 50 4 3600 10 28 50 1400 2.6
10 50 6 3000 2 12 50 600 5.0
12 50 6 3600 2 14 50 700 5.1
14 50 6 4200 2 16 50 800 5.3
16 50 6 4800 2 18 50 900 5.3
18 50 6 5400 2 20 50 1000 5.4
10 50 6 3000 6 16 50 800 3.8
12 50 6 3600 6 18 50 900 4.0
14 50 6 4200 6 20 50 1000 4.2
16 50 6 4800 6 22 50 1100 4.4
18 50 6 5400 6 24 50 1200 4.5
10 50 6 3000 10 20 50 1000 3.0
12 50 6 3600 10 22 50 1100 3.3
14 50 6 4200 10 24 50 1200 3.5
16 50 6 4800 10 26 50 1300 3.7
18 50 6 5400 10 28 50 1400 3.9
10 50 8 4000 2 12 50 600 6.7
12 50 8 4800 2 14 50 700 6.9
14 50 8 5600 2 16 50 800 7.0
16 50 8 6400 2 18 50 900 7.1
18 50 8 7200 2 20 50 1000 7.2
10 50 8 4000 6 16 50 800 5.0
12 50 8 4800 6 18 50 900 5.3
14 50 8 5600 6 20 50 1000 5.6
16 50 8 6400 6 22 50 1100 5.8
18 50 8 7200 6 24 50 1200 6.0
10 50 8 4000 10 20 50 1000 4.0
12 50 8 4800 10 22 50 1100 4.4
14 50 8 5600 10 24 50 1200 4.7
16 50 8 6400 10 26 50 1300 4.9
18 50 8 7200 10 28 50 1400 5.1
Christchurch 
Model 10 10 50 4 2000 10 20 50 1000 2.0
Christchurch 
Model 11 14 50 6 4200 6 20 50 1000 4.2
Christchurch 
Model 12 18 50 8 7200 2 20 50 1000 7.2
10 50 4 2000 NA NA NA NA NA
12 50 4 2400 NA NA NA NA NA
14 50 4 2800 NA NA NA NA NA
16 50 4 3200 NA NA NA NA NA
18 50 4 3600 NA NA NA NA NA
Christchurch 
Model 5
Christchurch 
Model 6
Christchurch 
Model 7
Christchurch 
Model 8
Christchurch 
Model 9
Christchurch 
Model 13
Christchurch 
Model 0
Christchurch 
Model 1
Christchurch 
Model 2
Christchurch 
Model 3
Christchurch 
Model 4
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Appendix B.2 – Hectares and CCB Blocks Calculations (CCB density analysis) 
 
 
Table B.2. CCB density calculations 
Scenario
Building 
Width (m)
 Total Floor 
Area per 
Property (m2) 
Projected Floor 
Area Demand 
(m2)
Properties Needed 
to Achieve 
Projected Demand
Land Area 
per 
Property 
 Land Area Needed 
for those Properties 
Including Street  (m2) 
Hectare 
(m2)
Hectares 
Required at this 
density (ha)
 CCB Block 
Size (m2) 
Translated 
to CCB 
Blocks
10 2,000                 266,000 133 600 79,800                         10,000 8.0 20,000     4.0
12 2,400                 266,000 111 720 79,800                         10,000 8.0 20,000     4.0
14 2,800                 266,000 95 840 79,800                         10,000 8.0 20,000     4.0
16 3,200                 266,000 83 960 79,800                         10,000 8.0 20,000     4.0
18 3,600                 266,000 74 1080 79,800                         10,000 8.0 20,000     4.0
20 4,000                 266,000 67 1200 79,800                         10,000 8.0 20,000     4.0
10 2,000                 266,000 133 720 95,760                         10,000 9.6 20,000     4.8
12 2,400                 266,000 111 840 93,100                         10,000 9.3 20,000     4.7
14 2,800                 266,000 95 960 91,200                         10,000 9.1 20,000     4.6
16 3,200                 266,000 83 1080 89,775                         10,000 9.0 20,000     4.5
18 3,600                 266,000 74 1200 88,667                         10,000 8.9 20,000     4.4
10 2,000                 266,000 133 960 127,680                       10,000 12.8 20,000     6.4
12 2,400                 266,000 111 1080 119,700                       10,000 12.0 20,000     6.0
14 2,800                 266,000 95 1200 114,000                       10,000 11.4 20,000     5.7
16 3,200                 266,000 83 1320 109,725                       10,000 11.0 20,000     5.5
18 3,600                 266,000 74 1440 106,400                       10,000 10.6 20,000     5.3
10 2,000                 266,000 133 1200 159,600                       10,000 16.0 20,000     8.0
12 2,400                 266,000 111 1320 146,300                       10,000 14.6 20,000     7.3
14 2,800                 266,000 95 1440 136,800                       10,000 13.7 20,000     6.8
16 3,200                 266,000 83 1560 129,675                       10,000 13.0 20,000     6.5
18 3,600                 266,000 74 1680 124,133                       10,000 12.4 20,000     6.2
10 3,000                 266,000 89 720 63,840                         10,000 6.4 20,000     3.2
12 3,600                 266,000 74 840 62,067                         10,000 6.2 20,000     3.1
14 4,200                 266,000 63 960 60,800                         10,000 6.1 20,000     3.0
16 4,800                 266,000 55 1080 59,850                         10,000 6.0 20,000     3.0
18 5,400                 266,000 49 1200 59,111                         10,000 5.9 20,000     3.0
10 3,000                 266,000 89 960 85,120                         10,000 8.5 20,000     4.3
12 3,600                 266,000 74 1080 79,800                         10,000 8.0 20,000     4.0
14 4,200                 266,000 63 1200 76,000                         10,000 7.6 20,000     3.8
16 4,800                 266,000 55 1320 73,150                         10,000 7.3 20,000     3.7
18 5,400                 266,000 49 1440 70,933                         10,000 7.1 20,000     3.5
10 3,000                 266,000 89 1200 106,400                       10,000 10.6 20,000     5.3
12 3,600                 266,000 74 1320 97,533                         10,000 9.8 20,000     4.9
14 4,200                 266,000 63 1440 91,200                         10,000 9.1 20,000     4.6
16 4,800                 266,000 55 1560 86,450                         10,000 8.6 20,000     4.3
18 5,400                 266,000 49 1680 82,756                         10,000 8.3 20,000     4.1
10 4,000                 266,000 67 720 47,880                         10,000 4.8 20,000     2.4
12 4,800                 266,000 55 840 46,550                         10,000 4.7 20,000     2.3
14 5,600                 266,000 48 960 45,600                         10,000 4.6 20,000     2.3
16 6,400                 266,000 42 1080 44,888                         10,000 4.5 20,000     2.2
18 7,200                 266,000 37 1200 44,333                         10,000 4.4 20,000     2.2
10 4,000                 266,000 67 960 63,840                         10,000 6.4 20,000     3.2
12 4,800                 266,000 55 1080 59,850                         10,000 6.0 20,000     3.0
14 5,600                 266,000 48 1200 57,000                         10,000 5.7 20,000     2.9
16 6,400                 266,000 42 1320 54,863                         10,000 5.5 20,000     2.7
18 7,200                 266,000 37 1440 53,200                         10,000 5.3 20,000     2.7
10 4,000                 266,000 67 1200 79,800                         10,000 8.0 20,000     4.0
12 4,800                 266,000 55 1320 73,150                         10,000 7.3 20,000     3.7
14 5,600                 266,000 48 1440 68,400                         10,000 6.8 20,000     3.4
16 6,400                 266,000 42 1560 64,838                         10,000 6.5 20,000     3.2
18 7,200                 266,000 37 1680 62,067                         10,000 6.2 20,000     3.1
Christchurch 
Model 10 10 2,000                 266,000 133 1300 172,900                       10,000 17.3 20,000     8.6
Christchurch 
Model 11 14 4,200                 266,000 63 1300.0 82,333                         10,000 8.2 20,000     4.1
Christchurch 
Model 12 18 7,200                 266,000 37 1300.0 48,028                         10,000 4.8 20,000     2.4
10 2,000                 NA NA NA NA 10,000 NA NA NA
12 2,400                 NA NA NA NA 10,000 NA NA NA
14 2,800                 NA NA NA NA 10,000 NA NA NA
16 3,200                 NA NA NA NA 10,000 NA NA NA
18 3,600                 NA NA NA NA 10,000 NA NA NA
Christchurch 
Model 6
Christchurch 
Model 7
Christchurch 
Model 8
Christchurch 
Model 9
Christchurch 
Model 13
Christchurch 
Model 0
Christchurch 
Model 1
Christchurch 
Model 2
Christchurch 
Model 3
Christchurch 
Model 4
Christchurch 
Model 5
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Appendix B.3 – Minimum Air Change Rate Calculations 
 
 
Table B.3.Air change rate calculations 
 
- Minimum Air Flow rate of 10 Litres/second/person obtained from (Anon., 1990). 
- Space per Person was assumed to be 10m2 based on maximum density for office space. Maximum density was used as it represents the worst case 
scenario - requiring more demanding air change rates to be achieved. This created a more challenging ventilation criteria. 
 
 
 
Space 
Width (m)
Space 
Length (m)
Space 
Area (m2)
Space 
Height (m)
Space 
Volume (m3)
Minimum Air Flow 
(L/s/person)
Space per 
Person (m2)
Total 
People
Minimum Air 
Flow (L/second)
Seconds in 
an Hour
Minimum Air 
Flow (L/hour)
Litres 
in m3
Convert 
to m3
Air Changes per 
Hour (ACH)
10 50 500 3 1,500               10 10 50 500 3,600          1,800,000          1,000  1,800     0.83
12 50 600 3 1,800               10 10 60 600 3,600          2,160,000          1,000  2,160     0.83
14 50 700 3 2,100               10 10 70 700 3,600          2,520,000          1,000  2,520     0.83
16 50 800 3 2,400               10 10 80 800 3,600          2,880,000          1,000  2,880     0.83
18 50 900 3 2,700               10 10 90 900 3,600          3,240,000          1,000  3,240     0.83
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Appendix B.4 – Window Openable Area Calculations 
 
 
Table B.4.Window openable area calculations – urban form scenarios 
 
 
Table B.5.Window openable area calculations - thermal and ventilation design scenarios, WWR50% 
 
 
Table B.6.Window openable area calculations - thermal and ventilation design scenarios, WWR75% 
 
Minimum Openable Window Area of 5% of the space’s floor area obtained from Section 1.2.2 of 
‘Clause G4 – Ventilation’ of the New Zealand Building Code (Department of Building and Housing, 
2011). 
 
 
 
 
 
 
Space 
Width (m)
Space 
Length (m)
Space 
Area (m2)
x% (of Floor 
Area )
Floor Area 
(m2)
Across Two 
Sides (m2)
Window 
Height (m)
Window 
Length (m)
Glazed Area 
per Side (m2)
Openable Area 
of Window  (%)
Openable Area 
of Window  (m2)
10 50 500 5% 25 12.5 1.5 50 75 17 12.5
12 50 600 5% 30 15 1.5 50 75 20 15
14 50 700 5% 35 17.5 1.5 50 75 23 17.5
16 50 800 5% 40 20 1.5 50 75 27 20
18 50 900 5% 45 22.5 1.5 50 75 30 22.5
For WWR of 50%, each building width
Space 
Width (m)
Space 
Length (m)
Space 
Area (m2)
x% (of Floor 
Area )
Floor Area 
(m2)
Across Two 
Sides (m2)
Window 
Height (m)
Window 
Length (m)
Glazed Area 
per Side (m2)
Openable Area 
of Window  (%)
Openable Area 
of Window  (m2)
12 50 600 0% 0 0 1.5 50 75 #DIV/0! #DIV/0!
12 50 600 5% 30 15 1.5 50 75 20 15
12 50 600 10% 60 30 1.5 50 75 40 30
12 50 600 15% 90 45 1.5 50 75 60 45
12 50 600 20% 120 60 1.5 50 75 80 60
For WWR of 50%, 0, code, double code, tripple code % of floor space
Space 
Width (m)
Space 
Length (m)
Space 
Area (m2)
x% (of Floor 
Area )
Floor Area 
(m2)
Across Two 
Sides (m2)
Window 
Height (m)
Window 
Length (m)
Glazed Area 
per Side (m2)
Openable Area 
of Window  (%)
Openable Area 
of Window  (m2)
12 50 600 0% 0 0 2.25 50 112.5 #DIV/0! #DIV/0!
12 50 600 5% 30 15 2.25 50 112.5 13 15
12 50 600 10% 60 30 2.25 50 112.5 27 30
12 50 600 15% 90 45 2.25 50 112.5 40 45
12 50 600 20% 120 60 2.25 50 112.5 53 60
For WWR of 75%, 0, code, double code, tripple code % of floor space
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Appendix B.5 – EnergyPlus Constructions 
 
 
Table B.7.EnergyPlus Constructions 
 
 
Table B.8 Construction names. 
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Appendix B.6 – Christchurch City Plan Road Sizes 
 
Obtained from: Christchurch City Plan Online: Volume 3: Part 8 Special Purpose Zones: Appendix 2 – 
‘Roading hierarchy standards’. 
 
 
 
Table B.9.Christchurch street types. 
 
 
 
 
Urban Form and Passive Design for High Performance Buildings in the Christchurch Rebuild 
170 
Tavis Creswell-Wells, 2014 
Appendix B.7 – EnergyPlus Occupancy Schedule 
 
Screen shot of a Model idf (EnergyPlus) file displaying the Occupancy Schedule settings. 
 
 
Figure B.1.EnergyPlus occupancy schedule 
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Appendix B.8 – Central City Business zone (CCB) Area and Block Calculation 
 
 
 
Figure B.2.CCB area and block calculations. 
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Appendix C: Christchurch Architects Survey 
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Appendix D: UrbaWind Results 
 
Appendix D presents the Urban Form models simulated in UrbaWind (CFD software) to produce 
Wind Pressure Coefficient (Cp) data to be integrated into EnergyPlus models for natural ventilation 
calculations. For each of the 13 Urban Form models, geometry and resulting Cp rendering for east 
and west (venting) facades at each tested wind angle (0, 45, 90, 135, 180o) is identified.   
 
Models seen in the following images include two floors of continuous frontage (Ground and first 
floors). This was changed to just the ground floor after CFD simulations were conducted (refer 
Section 5.2.5). Cp data from the second floor was then applied to the first floor to adjust for this 
change, rather than re-simulating. 
 
Model 0 is not represented here as its side facades are not exposed to the outdoors and so there is 
no opportunity for cross ventilation, and no need for wind pressure data. 
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